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Resumen

Esta tesis trata dos temas muy distintos: (1) el estudio de las estructuras y movimien-
tos propios de los chorros de los núcleos activos de galaxias (AGN) que componen
la muestra S5 del casquete polar, por medio de astrometría global de alta precisión
con la técnica de interferometría de muy larga base (VLBI); y (2) la reconstrucción
tomográfica (i.e., 3D) de la emisión molecular de la parte interna de la supernova
SN 1987A y su comparación con modelos de explosión de supernovas.

En la primera parte, presentamos el análisis astrométrico diferencial llevado
a cabo para todas las fuentes de la muestra S5 del casquete polar. Se consigue
aplicar por primera vez a 43 GHz la técnica de astrometría de alta precisión con
VLBI, haciendo uso del observable retraso de fase. Estos resultados astrométricos
se comparan con los obtenidos a 15 GHz durante la misma época de observación
(año 2010), y también a los obtenidos a 15 GHz en una época anterior (año 2000).
Las diferencias en las separaciones entre fuentes de los pares de fuentes observa-
dos en común en las dos épocas son compatibles a nivel de 1σ entre las bandas U
(15 GHz) y Q (43 GHz).

El intervalo de tiempo entre las distintas observaciones nos permite estudiar
los movimientos propios de los núcleos (“cores”) de las fuentes con precisiones
de unos pocos microsegundos de arco por año (µas yr−1). Estudiamos la estabili-
dad de la posición de las fuentes analizando los cambios en las posiciones relativas
de los cores de los chorros a lo largo de una década. Encontramos desplazamien-
tos del orden de 0.1−0.9 milisegundos de arco en fuentes cercanas entre sí entre
las dos épocas, lo que se traduce en unos movimientos propios asociados a los
cores de aproximadamente unas decenas de µas yr−1. Estos resultados tienen im-
plicaciones en el modelo estandar de chorros de AGN (según el cual las posiciones
de los cores son constantes en el tiempo).

Gracias a un análisis quasi-simultáneo de las observaciones de 2010 en banda
U y Q, hacemos mapas de índice espectral y estudiamos los efectos cromáticos
(i.e., core-shift) que se producen en el núcleo de las radiofuentes utilizando tres
métodos independientes. Las magnitudes de los core-shifts obtenidos con los tres
métodos son del mismo orden.

xvii



xviii RESUMEN

Sin embargo, existen algunas discrepancias en las orientaciones de los core-
shifts determinadas con cada método. En algunos casos, estas discrepancias se
deben a deficiencias del método. En otros casos, las discrepancias reflejan supuestos
del método en sí y podrían ser atribuídas a curvaturas en los chorros y/o a que di-
chos chorros no sean cónicos.

En la segunda parte de la tesis, presentamos los resultados de la tomografía de
SN 1987A con líneas de monóxido de carbono (CO) y monóxido de silicio (SiO)
para determinar la morfología de la emisión molecular en las zonas más internas
del remanente de la supernova. Las estrellas más masivas finalizan su vida en
explosiones de supernova que se producen cuando su núcleo colapsa gravitato-
riamente, enriqueciendo el medio interestelar con nuevos elementos sintetizados
durante la explosión. Después del colapso del núcleo, se producen inestabilidades
en la explosión a medida que el choque se propaga hacia afuera a través de la
estrella progenitora. Observaciones de la composición y la estructura de las re-
giones más internas de este tipo de supernovas por medio de su emisión radiativa
proporcionan una prueba directa de las inestabilidades y de los nuevos productos
sintetizados en la explosión.

SN 1987A, en la Gran Nube de Magallanes, es la única supernova en la cual
la parte interna puede ser resuelta antes de verse afectada por la interacción con el
medio circundante. Nuestras observaciones de SN 1987A con el Atacama Large
Millimeter/submillimeter Array (ALMA) son las de mayor resolución hasta la
fecha y revelan en detalle la morfología de la emisión del gas molecular frío en
las regiones más internas del remanente.

Las distribuciones 3D de la emisión de CO y de SiO son distintas, pero en am-
bos casos se encuentra un déficit de emisión en la parte central con una forma de
emisión que recuerda a una distribución de tipo toroidal. Esta distribución puede
ser debida al calentamiento radiactivo que se produjo en las primeras semanas
tras la explosión (“nickel heating”). Asimismo, se encuentra que la distribución
de la emisión de ambas moléculas presenta un aspecto “grumoso”. Las escalas de
tamaño de dicha distribución se comparan cuantitativamente con los más sofisti-
cados modelos hidrodinámicos, estableciendo de esta manera límites en la física
relacionada con la explosión de la supernova y con la estrella progenitora.



Abstract

This thesis has two very different parts: (1) the study of structures and proper
motions in the AGN radio jets of the S5 polar cap sample, by means of VLBI
high-precision multi-frequency phase-delay astrometry; and (2) the tomography
(i.e., 3D) reconstruction of the molecular emission and kinematics in the inner
ejecta of supernova SN 1987A.

In the first part, we report on a differential astrometry analysis for all sources
in the S5 polar cap sample. The technique of VLBI high-precision phase-delay
astrometry is successfully applied, for the first time, at the frequency of 43 GHz.
These astrometric results are compared to those obtained at 15 GHz during the
same epoch of observations (year 2010), and also to 15 GHz data collected in a
previous epoch (year 2000). The differences in source separations among all the
source pairs observed in common at the two epochs are compatible at the 1σ level
between U and Q bands.

The time interval between observations enables us to achieve precisions in
the proper motions of the source cores of a few µas yr−1. We study the source-
position stability by analyzing the changes in the relative positions of fiducial
source points (the jet cores) over a decade. We find motions of 0.1− 0.9 mas
among close-by sources between the two epochs, which imply drifts in the jet
cores of approximately a few tens of µas yr−1. These results have implications
for the standard AGN jet model (where the core locations are supposed to be
stable in time).

With the benefit of quasi-simultaneous U/Q band observations in 2010, we
make spectral-index maps and study chromatic effects (i.e., core-shift) at the ra-
dio source cores using three independent methods. The magnitudes of the core-
shifts are of the same order for all methods. However, some discrepancies arise
among the methods in the determination of the core-shift orientations. In some
cases, these discrepancies are due to insufficient information for the correspond-
ing method to be successfully applied. In others, the discrepancies reflect as-
sumptions of the methods and could be explained by curvatures in the jets and/or
departures from conical jets.
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xx ABSTRACT

In the second part of the thesis, we present the result of a tomography of SN
1987A aimed to determine the morphology of the molecular emission in the in-
nermost regions of remnant. Most massive stars end their lives in core-collapse
supernova explosions and enrich the interstellar medium with explosively nucle-
osynthesized elements. Following core collapse, the explosion is subject to insta-
bilities as the shock propagates outwards through the progenitor star. Observa-
tions of the composition and structure of the innermost regions of a core-collapse
supernova provide a direct probe of the instabilities and nucleosynthetic products.

SN 1987A in the Large Magellanic Cloud (LMC) is the only supernova for
which the inner ejecta can be spatially resolved before it is strongly affected by
interaction with the surroundings. Our observations of SN 1987A with the At-
acama Large Millimeter/submillimeter Array (ALMA) are of the highest resolu-
tion to date and reveal the detailed morphology of the emission of cold molecular
gas in the innermost regions of the remnant. The 3D distributions of carbon and
silicon monoxide (CO and SiO) emission differ, but both have a central deficit,
or torus-like distribution, possibly a result of radioactive heating during the first
weeks (“nickel heating”). The size scales of the clumpy distribution are compared
quantitatively to models, demonstrating how progenitor and explosion physics can
be constrained.
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Chapter 1

Introduction

From the moment I picked up your book
until I laid it down, I was convulsed with

laughter. Some day I intend reading it.

Groucho Marx

1.1 Thesis motivation

This thesis covers two very different topics, both of them making use of radio
interferometry as the observational technique. The first part of the thesis is fo-
cused on a high-precision astrometric analysis of the sources of the complete S5
polar cap sample. The second part of the thesis is devoted to the study of the 3D
distribution of the molecular emission in the SN 1987A ejecta.

The aim of the first part is to perform a global high-precision astrometric anal-
ysis of a complete radio sample, where the term global should be understood as
many sources spread across a big patch of the sky. In order to achieve this goal,
we make use of the observable phase delay, which is more precise than the ob-
servable used in many geodetic and astrometric observations, the group delay,
by up to two orders of magnitude. The target of the astrometric analysis is the
complete S5 polar cap sample, which consists of 13 radio sources (quasars and
BL-Lac objects) from the S5 survey (Kühr et al., 1981). All sources studied are
spread around the celestial northern polar cap and have AGN jets with flat spectra
and high flux densities.

The work presented in this part of the thesis belongs to a large VLBI astrom-
etry campaign, in which the S5 polar cap sample was observed over the last two
decades in phase-referencing mode. The main goals of this campaign were the
study of the frequency dependence and time stability of the positions of the cores

1
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of the jet structures, as well as the characterization of the absolute kinematics
of the optically-thin jet components of all sources of the sample. This kind of
analysis enables us to compare our results with the predictions of the standard jet
model.

Furthermore, the objective of this thesis is also to perform global differenced
phase-delay astrometry at 43 GHz, the highest frequency ever attempted in this
kind of analysis. This is an ambitious goal because at this high frequency, the cor-
rect determination of the phase delay ambiguities is particularly difficult. How-
ever, this work needs to be done in order to determine the core-shifts of the sources
by comparing to the source positions derived from the astrometric analysis per-
formed at a lower frequency. The comparison of our astrometric results with those
obtained previously at 15 GHz (Martí-Vidal et al., 2008), enables us to study the
proper motions and the change in the angular separation between pairs of sources
over a decade.

The goal of the second part of the thesis is to determine the morphology
of the molecular emission in the innermost regions of SN 1987A. It is known
that most massive stars, such as the progenitor of SN 1987A, end their lives in
core-collapse supernova explosions and enrich the interstellar medium with ex-
plosively nucleosynthesized elements. Following core collapse, the explosion is
subject to instabilities as the shock propagates outward through the progenitor
star. Hydrodynamic simulations of the explosion of SN 1987A (e.g., Hammer
et al., 2010; Utrobin et al., 2015; Wongwathanarat et al., 2015) and analyses of
its nebular spectrum (McCray, 1993) indicate that nucleosynthetic products retain
their chemical identity but are mixed macroscopically by those instabilities during
and shortly after the explosion. Thus, observations of the composition and struc-
ture of the innermost regions of a core-collapse supernova provide a direct probe
of the instabilities and nucleosynthetic products.

SN 1987A in the Large Magellanic Cloud is the only known supernova for
which the inner ejecta can be spatially resolved before it has interacted with the
surroundings. Modest angular resolution (∼ 500 mas) ALMA (Kamenetzky et al.,
2013) data revealed the presence of bright rotational emission from cold (< 150
K ) relatively slow moving (∼ 2000 km s−1) carbon monoxide CO and silicon
monoxide SiO.

In this thesis, we make use of the extraordinary capabilities of ALMA to create
unique 3D maps of CO and SiO molecular emission from the inner ejecta of SN
1987A via Doppler tomography. These observations are of the highest resolution
ever achieved for SN 1987A and enable us to create and compare the first 3D
maps of molecular emission from deep inside of the remnant with the predictions
of state-of-the-art explosion models.
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Finally, along the doctoral work there was also a third objective: a detailed
study of a sample of red supergiant stars (RSGs) via infrared interferometry. This
project was mostly aimed at characterizing fundamental parameters and atmo-
spheric extensions of RSGs, to determine their location in the Hertzsprung-Russell
(HR) diagram, and to study the structure and morphology of the close circumstel-
lar environment and wind regions, including the atmospheric molecular layers and
dusty envelopes. However, even though there were (minor) contributions made to
this project, they will not be discussed in this thesis.

1.2 Thesis outline

All the observations used in this thesis were taken at radio wavelengths and uti-
lized some of the most sensitive radio interferometers available. For this reason,
Chapter 2 is dedicated to introducing the fundamental concepts of radio interfer-
ometry. It explains the basic workings of an interferometer and introduces es-
sential radio interferometric terminology including the “complex visibility” and
its relation to the sky brightness distribution. The technique of aperture synthesis
imaging, widely used in radio interferometry, along with the radio facilities used
in this thesis are presented. The chapter ends by describing the main concepts and
characteristics of the astrometry performed with the VLBI technique.

Chapter 3 gives a description of Active Galactic Nuclei (AGN), the objects
studied with high-precision astrometry in this thesis. It summarizes the properties
and structure of AGN, in particular those of the structure and radio emission of the
relativistic jets that emerge from the AGN cores. The most important absorption
mechanism that takes place in the jets, synchrotron self-absorption, is described.
The core-shift effect, as well as its importance and the most common methods
used to determine it, is also presented.

Chapter 4 is based on articles already published or submitted, where we present
the results of the global high-precision differential astrometry performed at 14.4
and 43.1 GHz.

Chapter 5 introduces supernova SN 1987A. The light curve and the evolu-
tion of the supernova remnant is described. The most important emission zones,
as well as the emission of dust and molecules from the innermost regions of the
remnant are presented. The chapter also reviews some state-of-the-art hydrody-
namical models tailored to represent the observations of supernova explosions and
supernova remnants.

Chapter 6 is based on the article published in The Astrophysical Journal Let-
ters, 842, L24 (2017). The results obtained from a tomography of SN 1987A are
presented.

http://iopscience.iop.org/article/10.3847/2041-8213/aa784c/pdf
http://iopscience.iop.org/article/10.3847/2041-8213/aa784c/pdf
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Chapter 7 summarizes the main research conclusions and highlights future
work which could complement and build on the findings presented in this thesis.



Chapter 2

Radio interferometry

The saddest aspect of life right now is that
science gathers knowledge faster than

society gathers wisdom.

Isaac Asimov

This thesis is focused on the study of the radio emission from AGN and supernova
explosions making use of interferometry as the observational technique. In this
chapter, we make a brief introduction of the main aspects of radio interferome-
try, such as the two-element interferometer, the complex visibility, and the basics
of synthesis imaging. Then, we detail the radio facilities used in this thesis. Fi-
nally, we end the chapter by describing the main concepts and properties of VLBI
astrometry.

For a more detailed description of the radio interferometry technique, we re-
fer the reader to one of the following textbooks: Thompson, Moran & Swenson
(2001), Burke & Graham-Smith (2009), Wilson, Rohlfs & Hüttemeister (2009),
and references therein.
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2.1 The diffraction limit

The angular resolution, ∆θ , of a radio antenna is the minimum angular separation
which two point sources can have in order to be recognized as separate objects.
The Rayleigh criterion is the operational defined angular resolution of a filled
circular aperture of diameter, D, at the observational wavelength λ and is given as

∆θ = 1.22
(

λ

D

)
(2.1)

The Rayleigh criterion states that two objects are resolved when the first null of
the diffraction pattern of one object coincides with the maximum of the diffrac-
tion pattern of the other. An immediate consequence of Equation 2.1 is that at long
wavelengths, the angular resolution becomes low unless the diameter of the aper-
ture can be increased substantially. In order to achieve modest angular resolution
at radio wavelengths with a single radio antenna, the diameter becomes imprac-
tically large. Radio interferometry is the technique used in radio astronomy to
overcome this problem of low angular resolution at long wavelengths.

2.2 The two-element interferometer

The basic interferometer is a pair of radio telescopes whose voltage outputs are
correlated (multiplied and averaged). Even the most elaborate interferometers
with N >> 2 elements can be treated as N(N − 1)/2 independent two-element
interferometers. Hence, studying the two-element interferometer allows us to un-
derstand multi-element interferometric arrays in a natural way. In this chapter, we
discuss the main concepts and observables related to the two-element interferom-
eter.

Figure 2.1 shows an example of a two-element interferometer, consisting of
two identical dishes separated by a baseline vector,~b, of length b. Both dishes are
pointing in the direction specified by the unit vector ŝ. Plane waves from a distant
point source in this direction must travel an extra distance~b · ŝ = bcosθ to reach
antenna 1, so the output of antenna 1 is the same as that of antenna 2, but it lags
by the geometric delay

τg =
~b · ŝ

c
=

bcosθ

c
(2.2)

where c is the speed of light. For simplicity, we first consider a quasi-monochromatic
interferometer, one that responds only to radiation in a very narrow band centered
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on frequency ν = ω/2π . Then, the output voltages of antennas 1 and 2 can be
written as

V1(t) =V 0
1 cos [ω(t− tg)] and V2(t) =V 0

2 cos(ωt) (2.3)

where t is time. The voltages V 0
1 = G1V and V 0

2 = G2V registered at each antenna
depend on the antenna gains G1 and G2, respectively. In the following we will
consider G1 = G2. The correlator first multiplies these two voltages to yield the
product

V1(t)V2(t) =
V 2

2
[cos(2ωt−ωτg)+ cos(ωτg)] (2.4)

and then takes a time average long enough ∆t >> 1/2ω to remove the high-
frequency term cos(2ωt−ωτg) from the final output R:

R = 〈V1(t)V2(t)〉=
V 2

2
cos(ωτg)≡ Re(t) (2.5)

The amplitudes V1 and V2 are proportional to the electric field produced by the
source multiplied by the the voltage gains of antennas 1 and 2. Thus the output
amplitude V 2/2 is proportional to the point-source flux density S multiplied by
(A1A2)

1/2, where A1 and A2 are the effective collecting areas of the two antennas.
The effective collecting area of the antenna i, Ai, is obtained from the physical
aperture of the antenna, Aphys

i (= πr2
i ), and the antenna gain, Gi, of the antenna

i, by Ai = GiA
phys
i . Uncorrelated noise from the receivers and the atmosphere

over the two telescopes does not appear in the correlator output, so fluctuations in
receiver gain or atmospheric emission are much less significant than for a total-
power observation with a single dish.

If the antennas in an interferometric array are isotropic, then the point-source
response of the interferometer would be a sinusoid spanning the entire sky, and
the interferometer would be only sensitive to one Fourier component of the sky
brightness distribution, having angular period λ/sinθ . The response of a two-
element interferometer R with non-isotropic antennas is this sinusoid, multiplied
by the product of the voltage patterns of the individual antennas. If the antennas
are identical then this product is the power pattern of the individual antennas called
the primary beam.

The primary beam is usually a Gaussian that is much wider than the fringe
period, as D << bsinθ (where D is the antenna diameter). The result is that
an interferometer with directive antennas responds to a finite range of angular
frequencies centered on bsinθ/λ . The instantaneous point source response of an
interferometer is known as the synthesized beam and is the point source response
obtained by averaging the outputs of all antenna pairs.
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Figure 2.1: The two-element interferometer observing a point source in a very
narrow frequency range centered on ν = ω/2π . The correlator multiplies and
averages the voltage outputs V1 and V2 of the two dishes. The output voltage V1 of
antenna 1 is the same as the output voltage V2 of antenna 2, but it is retarded by
the geometric delay τg =~b · ŝ/c. These voltages are multiplied and time averaged
by the correlator to yield an output response whose amplitude R is proportional
to the point-source flux density and whose phase depends on the delay and the
frequency. The quasi-sinusoidal output fringe shown occurs if the source direction
in the interferometer frame is changing at a constant rate dθ/dt. Credit: NRAO.

The synthesized beam of an interferometer is an important quantity as it de-
fines the maximum angular resolution of the instrument. The synthesized beams
produced by an interferometer with a various number of antennas arranged in 1-D
is shown in Figure 2.2.
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Figure 2.2: The instantaneous responses of an interferometer with two, three and
four elements is indicated by the thick curves. The individual responses of the
three pairs of two-element interferometers of the three-element interferometer and
the six pairs of two-element interferometers of the four-element interferometer
are plotted as thin curves. The main beam of the four-element interferometer is
nearly Gaussian and has a width of ∼ λ/b. This is known as the instantaneous
synthesized beam of the interferometer or point spread function (PSF). Credit:
NRAO.
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2.3 The complex visibility

From Equation 2.4 we notice that the even cosine function in this response is sen-
sitive only to the even (inversion-symmetric) part of an arbitrary source brightness
distribution I. To detect the odd part of I we need a “sine” correlator whose output
is odd,

R =
V 2

2
sin(ωτg)≡ Im(t) (2.6)

This is implemented by a second correlator that follows a 90 phase delay inserted
into the output of one antenna. Combining Equations 2.4 and 2.5, we can define
the complex visibility:

V = Re(t)− iIm(t) =
V 2

2
e−iωτg (2.7)

Thus, for a simple two-element interferometer, the components Re(t) and Im(t)
are generated simultaneously to construct the complex visibility function.

2.4 Response to an extended source and the u-v plane

For an extended source, the response of the interferometer can be considered as
the addition of the visibilities corresponding to a set of point-like sources. From
Equation 2.7:

V =
1
2

∫
I(ŝ)e−iωτgdΩ =

1
2

∫
I(ŝ)e−i 2π

λ
~b·ŝdΩ (2.8)

where dΩ is the differential solid angle subtended by the source. In order to
recover the intensity distribution I(ŝ) from the visibility V , and to simplify the
calculations, we assume a reference point of the extensive source such that the
vector pointing to that point (defined as ŝ0) is orthogonal to the baseline vector~b.

We can define a coordinate system (~U ,~V , ~W ), where the axes (~U ,~V ) are in
the plane orthogonal to ŝ0, and the axis ~W is, thus, proportional to ŝ0 (see Figure
2.3). If (x,y,z) are the coordinates of the vector ŝ in the base (~U ,~V , ~W ), with x and
y being parallel to the right ascension and declination, respectively, in the field
around the source, then (u,v,0) are the coordinates of~b and the scalar product

~b · ŝ = ux+ vy (2.9)
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Figure 2.3: Definition of the coordinate system (~U ,~V , ~W ).

Furthermore, the solid angle dΩ can be written as

dΩ =
dxdy√

1− x2− y2
(2.10)

so that

V (u,v) =
1
2

∫
I(ŝ)e−i 2π

λ
(ux+vy) dxdy√

1− x2− y2
(2.11)

If we also consider that the source is compact (x << 1,y << 1), the visibility
function can be expressed as

V (u,v) =
1
2

∫
∞

−∞

∫
∞

−∞

I(x,y)e−i 2π

λ
(ux+vy)dxdy (2.12)

Thus, the complex visibility V (u,v) is the 2D Fourier transform of the bright-
ness distribution I(x,y) on the sky. This result, related to the van Cittert-Zernike
theorem, is the base of the synthesis imaging technique.

Since I(x,y) is real, V (u,v) is Hermitian, i.e., V (−u,−v) = V ∗(u,v), and so
one measurement of the sky brightness gives two measurements of the complex
visibility. The set of (u,v) pairs, which corresponds to the coordinates of the
baseline vector, determine what is known as uv coverage.



12 CHAPTER 2. Radio interferometry

2.5 Aperture synthesis and imaging

The number of visibilities that we have in the uv plane is finite. The more visi-
bility measurements we have, the more reliable will be the reconstructed intensity
distribution I(x,y) of the radio source. To improve the sampling of the uv plane
we can, of course, increase the number of antennas involved in the observation,
but above all, take advantage of the rotation of the Earth.

From Figure 2.1, we notice that the rotation of the Earth causes that the length
and the angle of the vector ~b change over time, sampling then different points
of the uv plane. The trajectories that define the (u,v) points of each baseline
according to the rotation of the Earth are known as uv-tracks. This is the base
of the technique known as Earth-rotation aperture synthesis, designed by Martin
Ryle and Anthony Hewish at Cambridge University in the mid-twentieth century,
and for which they received the Nobel Prize in Physics in 1974.

An array of antennas will only measure the visibility function V (u,v) at a
certain set of values. The measured set is called the sampling function S(u,v):

S(u,v) = ∑
k

δ (u−uk,v− vk) (2.13)

This function is zero where no data have been taken and the actual data provided
by the array is known as the sampled visibility function, S(u,v)V (u,v). Taking the
inverse Fourier transform of the sampled visibility function:

ID(x,y) = FT−1 {S(u,v)×V (u,v)} (2.14)

Applying the convolution theorem:

ID(x,y) = b(x,y)⊗ I(x,y) (2.15)

where b(x,y) = FT−1 {S(u,v)} is the point spread function (PSF), or synthesized
beam, or dirty beam (i.e., the inverse Fourier transform of the sampling function
S(u,v)). Equation 2.14 means that the the Fourier transform of the sampled visi-
bilities yields the true sky brightness convolved with the point spread function. In
other words, the “dirty image” is the true image convolved with the “dirty beam”.
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Figure 2.4: Top: a real example of a sampling function S(u,v) and its correspond-
ing dirty beam b(x,y). Bottom: the dirty image ID(x,y) obtained after convolving
the source intensity distribution I(x,y) with the dirty beam. Credit: NRAO syn-
thesis imaging workshop lectures.1

A real example of the different functions is shown in Figure 2.4. Before the
dirty image is computed, a weighting function W (u,v) is often applied to the vis-
ibilities to change the shape of the dirty beam, so that S(u,v)→ S(u,v)W (u,v).
The three most common types of weighting functions used are:

• Natural weighting: W (u,v) = 1/σ2
u,v in occupied (u,v) cells, where σ2

u,v
is the noise variance, and W (u,v) = 0 everywhere else. This function max-
imizes point source sensitivity and generally gives more weight to short
baselines (low spatial frequencies). Hence, angular resolution is degraded
but provides the lowest rms in the image.

1https://science.nrao.edu/science/meetings/2014/14th-synthesis-imaging-workshop/lectures

https://science.nrao.edu/science/meetings/2014/14th-synthesis-imaging-workshop/lectures
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• Uniform weighting: W (u,v) = 1/ρ(u,v), where ρ(u,v) is the local density
of (u,v) points. This function fills the uv plane weights more uniformly and
gives more weight to long baselines (high spatial frequencies), so angular
resolution is enhanced. The dirty beam sidelobes are lower and some data
are downweighted, so point source sensitivity is degraded.

• Robust (Briggs) weighting: This is a variant that avoids giving too much
weight to (u,v) cells with low natural weight. It allows continuous variation
between optimal resolution (uniform weighting) and optimal noise proper-
ties (natural weighting).

Since the sampling of visibilities in the uv plane is incomplete (especially for
VLBI, where small numbers of antennnas often mean extremely sparse sampling),
the use of non-linear techniques to interpolate/extrapolate samples of V (u,v) into
unsampled regions of the uv plane is needed. Thus, to obtain the true sky bright-
ness distribution, it is necessary to “deconvolve” the effects of limited visibility
sampling.

Several algorithms have been developed to make use of a priori information to
find a global solution for the true sky brightness, which is complicated by the fact
the the measured visibilities are corrupted by noise. Popular examples of imaging
algorithms include CLEAN (Högbom, 1974), least squares model fitting (e.g.,
Martí-Vidal et al., 2014), maximum entropy (MEM, Ables, 1974) and various
derivatives and combinations of the above. In this thesis, both CLEAN and model
fitting were used.

2.5.1 Deconvolution: the CLEAN algorithm
The CLEAN algorithm (Högbom, 1974) is the most widely used technique in
radio interferometry to deconvolve the true sky intensity from the dirty beam. It
assumes that the radio source can be represented by a number of point sources in
an otherwise empty field and a simple iterative process is used to find the strengths
and positions of these point sources.

The final CLEAN image (i.e., the deconvolved image) is the sum of these point
sources convolved with a CLEAN beam, which is usually the elliptical Gaussian
that best fits the main lobe of the dirty beam.
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The CLEAN algorithm obeys the following steps:

1. Find the strength and position of the brightest point in the dirty image. It
may also be desirable to search for peaks in specified areas of the image,
called CLEAN windows, regions or masks.

2. At this position in the dirty image, subtract the dirty beam centered at the
intensity peak multiplied by the peak strength and a damping factor g (g≤ 1,
usually called the loop gain).

3. Record the position and the subtracted flux in a list of model components.

4. Iterate between (1), (2), and (3) until the peak is below some user specified
level. The remainder of the dirty image is now termed the residuals.

5. Convolve the accumulated point source model with an idealized CLEAN
beam (usually an elliptical gaussian of the same size and shape as the central
lobe of the dirty beam).

6. Add the residuals to the image in (5) to create the final CLEAN image.

This is the basic description of the so-called “minor cycles” of the CLEAN
algorithm. However, there is also another (outer) loop known as “major cycle”,
where the Fourier transform of the CLEAN model is subtracted from the visibili-
ties (i.e., in Fourier space) and a new (residual) dirty image is generated. This is
done to avoid gridding-related artifacts in the image plane.

A problem with CLEAN derives from the fact that it is a non-parametric al-
gorithm, so that the final CLEANed image is somewhat dependent upon the var-
ious control parameters such as CLEAN boxes, the loop gain and the number of
CLEAN subtractions. Furthermore, the output image model does not give us di-
rect information about the source properties. These have to be further derived
(i.e., fitted) from the image. In contrast, parametric methods extract the required
source information (e.g., size, flux, etc.) directly from the observables. A more
detailed discussion about this is presented in Sections 2.7.4 and 2.7.5.

2.5.2 Model fitting2

In contrast to the CLEAN algorithm, there exist parametric techniques to recover
the sky intensity distributions of the sources. If the number of elements in the in-
terferometer is large and the spatial distribution of the array is not sparse, the struc-
ture of the observed sources can be recovered with a high fidelity, using non-linear

2Based on Martí-Vidal et al. (2014), where they introduce the UVMULTIFIT tool used in this
thesis.
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image-reconstruction algorithms (e.g., CLEAN, Högbom, 1974). However, if the
array is sparse as with VLBI, the image reconstruction may depend strongly on the
particulars of the deconvolution algorithm. Thus, the images resulting from these
reconstruction algorithms are not direct and unique representations of the data, but
rather non-unique interpretations of the actual measurements. Any analysis based
on interferometric images (especially those coming from sparse arrays) therefore
needs to be understood as fitting models to models, in the sense that the images
themselves are the result of a non-linear mapping from the Fourier domain into
the sky plane. This problem can be especially important when comparing images
at different frequencies, epochs, or taken with different interferometers, unless the
imaging processes of the different datasets are performed self-consistently.

In the cases where the structure of the observed source is simple and/or can
be parametrized using simple models, it is possible to bypass the imaging of the
visibilities and work directly on the interferometric measurements, fitting a model
to the visibilities instead of to the images obtained from deconvolution algorithms.
In this work we make use of the UVMULTIFIT tool (Martí-Vidal et al., 2014) to
recover the intensity distribution of the sources in the S5 polar cap sample (see
Chapter 4).

2.6 Interferometric arrays used in this thesis

In this thesis we use data from multiple radio interferometers, i.e., arrays of radio
telescopes. When the separation of the different elements (antennas) of the in-
terferometer is so large that it is not possible to connect them physically, we talk
about Very Long Baseline Interferometry (VLBI). An example of a VLBI array is
the VLBA. In VLBI arrays, each station needs a very precise atomic clock and
stable maser, and the received signals are recorded on tapes or disks for later cor-
relation. Instead, when the different antennas of the interferometer are connected
via waveguides, optical fibers or radio links, we talk about connected interferom-
etry. An example of a connected array is ALMA. This section provides a brief
overview of both interferometers: VLBA and ALMA.

2.6.1 VLBA
The Very Long Baseline Array (VLBA) is an interferometer consisting of 10 iden-
tical antennas on transcontinental baselines up to 8000 km, from Mauna Kea,
Hawaii, to St. Croix, Virgin Islands (Figure 2.5). The VLBA is controlled re-
motely from the Science Operations Center in Socorro, New Mexico (USA). Each
VLBA station consists of a 25-m antenna and an adjacent control building.
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Figure 2.5: Antennas. Image courtesy of NRAO/AUI and Earth image courtesy
of the SeaWiFS Project NASA/GSFC and ORBIMAGE.

The received signals are amplified, digitized, and recorded on fast, high ca-
pacity recorders. The recorded data are sent from the individual VLBA stations to
the correlator in Socorro.

The VLBA observes at wavelengths ranging from 28 cm to 3 mm (1.2 GHz to
96 GHz) in eight discrete bands plus two narrow sub-gigahertz bands, including
the primary spectral lines that produce high-brightness maser emission. The array
can be scheduled dynamically, and its continuum sensitivity can be improved by
a factor of 5 or more by adding the Green Bank Telescope (GBT) and the phased
Very Large Array (VLA) to the VLBA. More information about the VLBA can be
found at the NRAO webpage.3

3https://science.nrao.edu/facilities/vlba

https://science.nrao.edu/facilities/vlba
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Figure 2.6: Antennas of ALMA, on the Chajnantor Plateau in the Chilean Andes.
The Large and Small Magellanic Clouds, two companion galaxies to our own
Milky Way galaxy, can be seen as bright smudges in the night sky, in the centre of
the photograph. Credit: ESO/C. Malin.

2.6.2 ALMA

The Atacama Large Millimeter/submillimeter Array (ALMA) is the world-largest
ground-based facility for observations in the millimeter/submillimeter regime lo-
cated on the Chajnantor plateau, at 5000 meters altitude in northern Chile (Figure
2.6). The array consists of 66 antennas in total, which can be configured to achieve
baselines up to 16 km. It is equipped with state-of-the-art receivers that cover all
the atmospheric windows up to 1 THz. The antennas can be placed in different
locations on the plateau in order to form arrays with different distributions of base-
line lengths. More extended arrays will give higher spatial resolution, while more
compact arrays give better sensitivity for extended sources.

The complete set of 66 antennas is composed of fifty 12-m antennas, and
the Atacama Compact Array (ACA), which consists of twelve 7-m antennas and
other four 12-m antennas. ACA mostly stays in a fixed configuration and is used
to image large scale structures that are not well sampled by the ALMA 12-m
array. More details and up-to-date information can be found in the ALMA Science
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Portal,4 from where the following information has been extracted.
ALMA delivers data cubes with three axes: right ascension, declination, and

frequency. In this sense, the final data products are very much like those of an
integral field unit with up to a million spectral pixels. The main properties of
ALMA are summarized in the following items:

• Observing frequencies: The frequency range available to ALMA is di-
vided into different receiver bands. Data can only be taken in one band at
a time. These bands range from band 3, starting at 84 GHz, to band 10,
ending at 950 GHz. For comparison, a frequency of 300 GHz translates
to a wavelength of approximately 1mm. Band 1 around 40 GHz is under
construction, and band 2 around 80 GHz might be added in the future.

• Field of view: The full width at half maximum (FWHM) of the primary
beam is 21′′ at 300 GHz for a 12-m antenna and a 35′′ for a 7-m antenna,
and scales linearly with wavelength (diffraction limit of a single antenna,
as opposed to that of the whole array). To achieve uniform sensitivity over
a field larger than about a few arcsecs, or to image larger regions than the
primary beam, mosaicking is required, which is a standard observing mode
for ALMA.

• Spatial resolution: In the most compact 12-m array configurations, resolu-
tions range from 0.5′′ at 950 GHz to 4.8′′ at 110 GHz. In the most extended
12-m array configuration, the resolutions range from 20 mas at 230 GHz to
43 mas at 110 GHz. These numbers refer to the FWHM of the synthesized
beam (point spread function), which is the inverse Fourier transform of a
(weighted) u-v sampling distribution.

• Array configurations: The ALMA 12-m array changes from its most com-
pact configuration, with maximum baselines of ∼ 150 meters, to its most
extended configuration, with maximum baselines of ∼ 16 kilometers. The
ACA has two configurations, one of which is a north-south extension to
provide a better beam shape for far-north/far-south targets.

• Spectral resolution: ALMA can deliver data cubes with up to 7680 fre-
quency channels (spectral resolution elements). The width of these channels
can range between 3.8 kHz and 15.6 MHz, but the total bandwidth cannot
exceed 8 GHz. At an observing frequency of 110 GHz, the highest spectral
resolution implies a velocity resolution of 0.01 km/s, or R = 30,000,000,
where R = λ/∆λ gives us a measure of the ability of ALMA to resolve
different spectral features.

4ALMA Science Portal: https://almascience.eso.org/

https://almascience.eso.org/
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• Sensitivity: For an interferometer, the noise level (in mJy) in the resulting
data cubes scales roughly as S ∝ Tsys/(A×N2(Np×∆ν ×∆τ)1/2), where
Tsys is the system temperature of the receiver at each single antenna, A is
the effective collecting area of each antenna (assuming an homogeneous ar-
ray), N is the number of antennas, Np is the number of polarizations, ∆ν

is the available bandwidth and ∆τ is the observing time. For continuum
observations, ∆ν = 7.5 GHz, for spectral line observations, ∆ν is the chan-
nel width. In practice, continuum observation will result in four spectral
windows each with a width of 1.875 GHz (after discarding edge channels).
These four windows can be combined to form a single image with an effec-
tive frequency width of 7.5 GHz. The ALMA Sensitivity Calculator5 can be
used to estimate noise levels or required integration times to reach a desired
noise level. The sensitivity is also a strong function of the atmospheric con-
ditions. The troposphere has an effect on the optical depth, the atmospheric
emission, and on the demands for calibration. The amount of water vapor
in the atmosphere is measured as the precipitable water vapour (pwv). A
value of pwv=1 mm is typical for the ALMA site.

2.7 VLBI Astrometry

The technique of VLBI provides the highest accuracy in the determination of co-
ordinates, parallaxes, and proper motions of celestial sources. In particular, VLBI
astrometry can achieve position accuracies of the order of a few microarcseconds.
This level of accuracy corresponds to measuring the location of a tennis ball on
the Moon as seen from the Earth with a precision of a few millimeters.

The astrophysical applications of VLBI astrometry are numerous. Examples
are: the establishment and stability of celestial reference frames, the dynamics
and structure of the Galaxy, the astrophysical processes in the core region of ac-
tive galactic nuclei (AGN), and tests of general relativity. Possible target sources
include pulsars, stars with radio continuum emission, and astrophysical masers.

In this section we describe the VLBI observables for astrometry, summarize
the basics of relative and differential astrometry, and present some of the most
common non-parametric methods used in VLBI astrometry. Finally, we introduce
the differential astrometry technique used in this thesis, which provides the most
accurate measurements.

For a more detailed review of VLBI astrometry, we refer the reader to, e.g.,
Bartel (2003), Bartel (2012), Schuh & Behrend (2012), and Reid & Honma (2014).

5https://almascience.eso.org/proposing/sensitivity-calculator

https://almascience.eso.org/proposing/sensitivity-calculator
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2.7.1 Astrometric observables

Interferometric phase

The fundamental observable in VLBI is the interferometric phase φ , which is
the relative phase between the signals received at the telescopes of each baseline
(e.g., telescopes 1 and 2 in Figure 2.1). This phase depends on time, baseline
coordinates, and source direction, and is affected by several contributions:

φ = φg +φstruc +φtrop +φion +φinst +2πn (2.16)

where φg is the phase caused by the geometric delay τg between the antennas (see
Figure 2.1); φstruc is the phase due to the source structure; φtrop and φion are the
phases introduced in the propagation of the signal through the troposphere and
ionosphere, respectively; φinst is caused by the instrumentation of the antennas;
and 2πn is an integer number of phase cycles.

The correlator output voltage R = (V 2/2)cos(ωτg) in Equation 2.5 varies si-
nusoidally with the change of source direction in the interferometer frame, i.e., as
the source moves across the sky. These sinusoids are called fringes, and the fringe
phase

φ = ωτg =
ωbcosθ

c
(2.17)

is thus the phase of the sinusoidal oscillations (the fringes) of the correlator re-
sponse in Equation 2.5. In the field of VLBI astrometry, three main observables
are defined based on the interferometric phase: phase delay, group delay and delay
rate.

Phase delay

The phase delay is defined as:

τφ =
φ

2πν0
(2.18)

where φ is the interferometric phase and ν0 is the observing reference frequency.
The phase delay is by far the most precise observable in VLBI astrometry. How-
ever, interpretation of the fringe phase requires resolving the inherent ambiguity,
i.e., determining the number of phase cycles n in Equation 2.16.

The prediction of the number of cycles requires a very accurate geometric
model, so in many cases the phase delay cannot be used directly. In phase-delay
parametric astrometry (see Chapter 4), this is accomplished iteratively through a
phase-connection procedure (e.g., Shapiro et al., 1979; Martí-Vidal et al., 2008).
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When all integers, n, are determined, the phase delays are no longer ambiguous
and can be used to estimate, via a weighted least-squares fit, the position of the
radio sources.

Group delay

The group delay is defined as:

τG =
1

2π

∂φ

∂ν
(2.19)

and gives the change of the phase with frequency (slope) along the observing
bandwith. Although much larger than that of the phase delay, the ambiguity of
the group delay is still present. However, in practical matters, the solving of these
ambiguities during the data calibration is trivial. The group-delay ambiguity is
that for which the slopes between two neighboring frequency channels increases
by 2π . Hence, it is dependent on the spectral resolution used in the correlation.

Delay rate

The delay rate is defined as:

τ̇φ =
1

2πν0

∂φ

∂ t
(2.20)

and gives the change of the phase with time. As with the group delay, this ob-
servable is less precise than the phase delay and is ambiguous in a trivial manner,
so that a rate so high that neighboring integration times differ by 2π , would be
ambiguous. Again, increasing the time resolution (i.e., decreasing the integration
time at the correlator) makes this ambiguity rate larger.

2.7.2 Phase calibration: fringe fitting

As shown in Equation 2.16, there are several contributions affecting the value of
the measured interferometric phase. At the correlator, a model of (among other
effects) earth rotation, atmosphere, source positions, and station clocks is applied
to determine their contribution to the phase and remove them from the data. How-
ever, after the correlation, and due to the limited precision of the model, the phases
on a target source still can exhibit high residual fringe rates and delays. Before
imaging, these residuals should be removed to permit data averaging in time and,
for a continuum source, in frequency. The process of finding these residuals is
referred to as fringe fitting (Cotton, 1995).
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In the fringe fitting approach, it is assumed that the time dependence of the
phase gains is linear and the amplitude of the source visibility remains constant
over the range of (t,ν) space covered by the observation. Then, for each base-
line, the peak of the fast Fourier transform (FFT) of the visibilities is searched
in the delay-rate space, and the residual phase, group delay and delay rate are
determined.

The standard calibration procedure in VLBI is Global Fringe Fitting (GFF,
Schwab & Cotton, 1983). GFF is the only calibration procedure that ensures ro-
bustness of the closure-phase observables, which in turn make aperture-synthesis
imaging possible. Besides, GFF is used regardless of the S/N of the observations.
This approach solves for the antenna-dependent delays and delay-rates referred to
a reference antenna, for which both values are set to zero

2.7.3 Fundamentals of relative astrometry

With a radio interferometer we can measure the arrival time difference of wave-
fronts between antennas, i.e., the geometric delay, owing to the finite propagation
speed c of electromagnetic waves. Equation 2.2 relates the geometric delay, τg, to
the source unit vector, ŝ, and the baseline vector,~b.
In Figure 2.7, we show the geometry of these vectors. Note that while the source
vector ŝ has two parameters (e.g., right ascension and declination), the geometric
delay is a scalar, and so multiple measurements of geometric delays are required
to solve for a source position. Such measurements can be made, even with a single
baseline, by utilizing the rotation of the Earth, which changes the orientation of
the baseline vector with respect to a celestial frame.

From Equations 2.16 and 2.18, the delay measured with an interferometer can
be considered as the sum of the geometric delay (which we would like to know)
and additional terms (which need to be removed from the data):

τφ = τg + τstruc + τtrop + τion + τinst +
n
ν0

(2.21)

where τg is the contribution from the geometry of the interferometer and the fidu-
cial reference point in the source; τstruc is the delay due to unmodeled source
structure; τtrop and τion are the delays in the propagation of the signal through the
troposphere and ionosphere, respectively; τinst is caused by an error in the loca-
tion of the antennas, the instrumental delay in the telescope or electronics, and the
thermal noise; and n is an integer number of phase cycles.

For relative astrometry, one observes two sources, the target and reference, at
nearly the same time and nearly the same position in the sky, and differences the
observed delays (phases) between the pair of sources. This type of observation
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Figure 2.7: Schematic view of a delay measurement in phase-referencing astrom-
etry. Here, for simplicity, an array with two stations is shown. The baseline vector
and source directions are indicated by lines. In relative astrometry, the target and
adjacent reference sources are observed (nearly) at the same time, thus delay er-
rors can be effectively canceled in the relative measurement. For relative radio
astrometry, the dominant sources of error are generally propagation delays in tro-
posphere and/or ionosphere which are not compensated. Credit: Reid & Honma
(2014).

is often referred to as phase-referencing, as the observed phase of the reference
source is used to correct the phase of the target.

Computing the difference between the two sources, we obtain the delay dif-
ference observable (e.g., Reid & Honma, 2014):

∆τ
1−2
φ

= ∆τ
1−2
g +∆τ

1−2
struc +∆τ

1−2
trop +∆τ

1−2
ion +∆τ

1−2
inst +

n′

ν0
(2.22)

where superscripts 1 and 2 denote the quantities for the target and reference
sources, respectively. The first term is the difference in geometric delay between
the source and reference, which corresponds to the relative position of the target
source with respect to the reference source. The additional terms in Equation 2.22
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may be reduced if they are similar for the two lines of sight. Four terms (τtrop,
τion, τstruc, τinst) are antenna-dependent quantities and generally are similar for the
target and reference lines of sight, for small source separations. The difficulty will
be to determine the integer, n′, for each interferometer phase delay.

In the next section, the most common methods used to perform relative as-
trometry are presented.

2.7.4 Non-parametric observing methods

There are several methods to obtain the relative position between sources, i.e., to
perform relative astrometry. Here we summarize some non-parametric methods,
whose peculiarity is that the information about the source properties is obtained
after fitting from the output image model instead of directly from the observables.

Phase-referencing

Several methods of phase-referencing commonly used in VLBI are:6

• Source switching or nodding, which is the most commonly used observing
method, because it does not require a special radio telescope and can be used
for all source pairs. The only requirement is that slewing times between an-
tennas need to be short enough to track the tropospheric phase fluctuations.
Because of the nondispersive nature of tropospheric delays, the interferom-
eter coherence time scales linearly with wavelength, i.e., τcoh ∝ λ . Thus, at
short wavelengths, the coherence time can be problematic. For an observing
wavelength of λ = 1.3 mm (ν = 230 GHz), the coherence time is likely to
be ∼ 10 s (under good weather conditions). This makes it practically im-
possible to conduct switched VLBI observations below 1 mm wavelength.

• In dual-beam observations, two sources are observed simultaneously using
independent feeds and receivers. This can be done using multifeed sys-
tems on a single antenna, as with VLBI Exploration of Radio Astrometry
(VERA), or with multiple antennas at each site (Rioja et al., 2009; Brod-
erick et al., 2011). There is no gap between the observations of the target
and reference sources, and hence there is no coherence loss owing to phase
fluctuations. In dual-beam radio astrometry, special care needs to be taken
to calibrate the instrumental delay, because it is not the same for the target
and reference source and thus will not cancel when phase-referencing.

6Extracted from Reid & Honma (2014), where a detailed discussion of the different methods
is presented.
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• In-beam observations can be regarded as a special case of phase-referencing,
in which the target and reference sources are so closely located that the two
sources can be observed simultaneously with a single feed (within the pri-
mary beam of each antenna). In such a case, calibration errors can be very
effectively reduced, because the observations are done at the same time for
the target and reference and, because the separation angle is small, most sys-
tematic errors are largely canceled (Marcaide, 1982; Marcaide & Shapiro,
1984). However, finding a sufficiently strong reference source may be dif-
ficult; as such, in-beam observations are more common at lower observing
frequencies, as the primary beam becomes larger and the reference sources
stronger.

In phase-referenced mapping, one way to measure the relative separation be-
tween calibrator and target is to image the phase-calibrated target source and find
the position of the target source relative to the image center. From this position
offset and the assumed positions of target and reference used at correlation the
relative positions of target and reference can be found. For a deeper discussion
about VLBI phase-referencing, see, e.g., Beasley & Conway (1995).

Source-frequency phase-referencing

An alternative method to perform high-precision VLBI astrometry is presented
in Dodson & Rioja (2009); Rioja & Dodson (2011). The source-frequency phase
referencing (SFPR) method combines fast frequency-switching observations (e.g.,
Middelberg, 2005), to correct for the dominant non-dispersive tropospheric fluc-
tuations, with slow source-switching observations, for the remaining ionospheric
dispersive terms. This approach enables high-precision astrometry even at the
highest frequencies where conventional phase-referencing techniques fail.

The use of frequency-switching observations increases the coherence time as
a result of the dual-frequency tropospheric calibration, which enables the detec-
tion of weak sources (Middelberg, 2005). However, remaining dispersive errors
still need to be corrected in order to provide high-precision astrometry. This is
achieved with a two-step calibration strategy: the first step assumes that the dom-
inant tropospheric residual errors (and in general, any non-dispersive errors) in
the target data set can be removed using the observations at a lower reference
frequency, on the same source. The second step assumes that the remaining iono-
spheric and instrumental errors (and, in general, any other dispersive errors) can
be removed using the interleaved observations of an external calibrator source
(Rioja & Dodson, 2011).

In Chapter 4 we make use of a slightly modified version of the SFPR technique
to obtain the core-shift of the sources of the S5 polar cap sample.
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2.7.5 A parametric method: differential phase-delay astrome-
try

Another method to determine relative positions is to observe two neighboring
sources and determine their relative phases, either simultaneously (if they are both
within the primary antenna beam of each element of the interferometer), or alter-
nately (if switching between sources is needed). The observation of neighboring
sources cancels out most of the systematic effects in the astrometric data reduc-
tion, since they are mostly common for both. That is the basis of differential
phase-delay astrometry, where most of the geometric parameters involved in the
observation are taken into account during the correlation process, leaving one to
work with the residuals (e.g., Shapiro et al., 1979; Marcaide, 1982; Marcaide &
Shapiro, 1983; Bartel et al., 1986).

From Equation 2.22, assuming both sources are strong enough to be detected,
we can remove ∆τstruc by using hybrid maps from the two sources, provide an a
priori model for ∆τtrop, ∆τion, and ∆τinst , and determine all integers n′ through
the phase-connection procedure. Thus, we can obtain ∆τ1−2

g (which is directly
related to the relative position between the sources), as well as corrections for
∆τtrop, ∆τion, and ∆τinst , via a weighted least-squares fit.

The power of the phase-delay astrometry analysis relies on the possibility of
a simultaneous fit of all the parameters that define both the geometric and the
instrumental components of the interferometer, such as clock drifts, position of the
antennas, and tropospheric/ionospheric delays, together with the source positions.
All these parameters are optimized self-consistently in the analysis, as opposed to
other non-parametric approaches (e.g., phase referencing), where the instrumental
and atmospheric effects are not properly parameterized and optimally accounted
for all sources, but rather estimated and interpolated from one calibrator to a target.

Typically, the inclusion of the differential delays in the astrometric analysis
improves the precision by roughly an order of magnitude, when compared to an
ordinary phase-referencing analysis. This is due to the many redundancies present
in the multi-source duty-cycle scheduling, and to the superior quality of a para-
metric astrometry analysis (i.e., fitting delays and phases to a complete geodetic
+ astrometric model) when compared to ordinary phase-referencing astrometry
(where the geodetic + atmospheric models cannot be optimized). See Martí-Vidal
(2008) and Martí-Vidal et al. (2008) for more complete comparative discussions
about the astrometric precision with differential phase-delays.

Finally, phase-reference astrometry requires small angular separations between
the sources (up to a few degrees), while phase-delay astrometry allows us to ob-
tain the relative positions of sources spread across larger angular separations (e.g.,
Pérez-Torres et al., 2000; Martí-Vidal et al., 2008). In Chapter 4 we present an
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application of the differential phase-delay astrometry technique at the 15 and 43
GHz bands for the sources of the S5 polar cap sample.



Chapter 3

AGN jets: relativistic outflows from
the AGN cores

We are just an advanced breed of monkeys
on a minor planet of a very average star.

But we can understand the Universe. That
makes us something very special.

Stephen Hawking

In this chapter we summarize the main properties of AGN, mainly those of the
structure and radio emission of the relativistic jets that emerge from the AGN
cores. We briefly describe synchrotron self-absorption, which is the most likely
absorption mechanism taking place in the jets, and introduce the core-shift effect.
The chapter concludes by detailing the importance of the core-shift and presenting
some of the most common methods used to determine it.

29
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3.1 Properties and structure of AGN

The luminosity of most of the known galaxies is dominated in the optical by their
stellar emission, but in some galaxies a significant fraction of the energy output
has a non-thermal origin. These are called active galaxies or Active Galactic Nu-
clei (AGN), if the non-thermal emission comes mainly from the core.

Although AGN represent only a small fraction of all galaxies they have been
studied intensively over the last decades at all accessible wavelengths. This is
partly because their high luminosities made them the only objects that could be
studied at cosmologically significant distances for a long time. At radio wave-
length some active galaxies are the most luminous sources in the sky and were
the first sources detected in the early days of radio astronomy (e.g., Baade &
Minkowski, 1954).

These bright AGNs are among the strongest indirect proofs for the existence
of supermassive black holes (SMBHs), although the enormous bursts in luminos-
ity observed from AGN are not coming from the SMBHs themselves. Instead, the
massive burst of radiation (which includes emission in the radio, microwave, in-
frared, optical, UV, X-ray, and gamma ray wavebands) is coming either from cold
matter (gas and dust) that surround the black holes or from relativistic outflows
(jets).

The accretion disks that orbit the SMBHs gradually feed the central engines.
The innermost side of these disks is possibly the launching region of the relativis-
tic outflows seen in radio-loud AGN (e.g., Marscher et al., 2008). The incredible
force of gravity in this region compresses the material of the disk until friction and
momentum transfer heat the disk’s plasma up to millions of degrees kelvin. This
generates bright electromagnetic radiation that peaks in the optical-UV waveband.
A corona of hot material forms above the accretion disk as well, and can scatter
photons up to X-ray energies.

A large fraction of the radiation of the AGN may be obscured by interstellar
gas and dust close to the accretion disk, but will likely be re-radiated at the infrared
waveband. As such, most (if not all) of the electromagnetic radiation is produced
through the interaction of cold matter with the SMBH.

The interaction between the rotating magnetic field and the accretion disk also
creates powerful magnetic jets that fire material perpendicular to the disk around
the SMBH at relativistic speeds. These jets can extend over hundreds of thousands
of parsecs, and are a second potential source of observed radiation (see Figure
3.1).



3.1. Properties and structure of AGN 31

Figure 3.1: 3C 120 still frame from animation that illustrates the discovery dis-
cussed in Marscher et al. (2002). Courtesy of W. Steffen.1

AGN are the most luminous persistent sources of electromagnetic radiation in
the universe, and as such can be used as a means of discovering distant objects.
Their evolution as a function of cosmic time also puts constraints on models of
the cosmos.

The physical structure of AGN is now quite well understood (Figure 3.2).
According to the Unified Model (e.g., Lawrence, 1987; Antonucci, 1993; Urry &
Padovani, 1995), an AGN is composed of:

• Supermassive black hole (SMBH): At the center of the AGN, with a mass
of M ∼ 106−1010 M�.

• Accretion disk: Surrounding the SMBH there is a hot accretion disk of ∼
a few light days across (r ∼ 10−3 pc).

1https://www.bu.edu/blazars/3c120.html

https://www.bu.edu/blazars/3c120.html
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Figure 3.2: A schematic diagram of the Unified Model of AGN. Credit: Urry &
Padovani (1995).

• Broad Line Region (BLR): At r ∼ 0.01−0.1 pc the broad line region of a
dense and fast rotating medium, with BLR clouds that are whirling around
rapidly as they are quite close in to the AGN. These clouds yield optical
emission lines with widths of thousands of km s−1 and have high electron
densities of 109 cm−3 or higher.

• Obscuring torus: In the same plane as the accretion disk, colder mate-
rial forms a torus around the central engine (r ∼ 10− 100 pc). This is an
optically thick donut-shaped ring of cold gas and dust.

• Narrow Line Region (NLR): The NLR clouds are low-density ionized gas
(electron densities 103−106 cm−3) at r ∼ 100−1000 pc. The NLR clouds
are much further out from the AGN and so do not whirl around quite as
fast as those of the BLR. The NLR optical emission lines have widths of
hundreds of km s−1, and can be resolved.

• Relativistic jets: Perpendicular to the plane of accretion disk and torus, a
radio-loud AGN exhibits collimated jets of relativistically outflowing mate-
rial.
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3.2 Internal structure and radio emission of jets

Jets of relativistic particles with magnetic fields are responsible for the radio emis-
sion. This emission is thought to be due to synchrotron radiation of relativistic
electrons spinning along magnetic fields. These powerful and luminous sources
are formed due to mass accretion onto the SMBH and part of the infalling matter
is accelerated and ejected, forming a symmetric jet-counterjet-system (see Fig-
ures 3.1 and 3.2). This process covers an enormous range of linear scales; the jet
is launched close to the AGN on scales of a few Schwarzschild radii (sub-parsec
scales), while the jets can span several kiloparsecs ending sometimes in bright
lobes. It is still not fully understood how jets form, and the composition of jets
(leptonic or hadronic) and the underlying emission mechanisms to produce the
observed broadband emission are a major topic of current research and requires
further research and comparison to theoretical models.

Strong magnetic fields are thought to play an important role in the formation
and propagation of the jets, and they are also necessary to produce the non-thermal
emission (e.g., Blandford & Königl, 1979; Marscher, 1980).The magnetic field
and the particle density in the jet decrease with distance from the AGN central en-
gine, mainly due to the jet opening angle (e.g., Marscher, 1980; Lobanov, 1998b).
As a result, extremely high magnetic fields may be found at short distances from
the central engine (e.g., Martí-Vidal et al., 2015).

An illustration of the structure of a jet is shown in Figure 3.3. Based on the
parametric model of the continuum emission from AGN jets (from radio to X-
rays) described in Marscher (1980), a radio-loud AGN jet can be divided into
three different parts:

1. The jet “nozzle” that connects the central AGN engine (i.e., the SMBH) to
the physical base of the jet.

2. The collimation (or launching) region, where the trajectories of the electrons
are focused towards the jet direction and the electrons of the plasma are
accelerated to relativistic speeds. This small region in the jet base presents
a concave shape.

3. The free region where the trajectory of the electrons of the plasma is be-
lieved to be ballistic. This region presents a conical shape and corresponds
to the area usually observed, and resolved, in VLBI at mm/cm wavelengths.
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Figure 3.3: Illustration of the physical structure and emission regions of a radio-
loud AGN, not including the extended radio lobe at the end of the jet. Credit:
color version of Figure 1 in Marscher (2005).2

Although jets with constant opening angles (i.e., conical jets) can be used to
model the spectra and the structures seen on VLBI scales (e.g., Lobanov, 1998b),
deviations from simple conical structures have been found (e.g., Asada & Naka-
mura, 2012). From the theoretical point of view, departures from a conical shape
jet are expected from magneto-hydrodynamic collimation effects close to the jet
base.

Thus, despite the success of the standard jet model (Blandford & Königl,
1979) to explain the multiband spectra and the VLBI structures seen in many
radio-loud AGN, the injection and launching mechanisms of the jets are poorly
understood. It is believed that the accretion of material into the SMBH triggers
the injection of plasma into the jet. However, the exact mechanism from which
the material is brought from the infalling region of the accretion disk to the base
of the jet is unknown.

Observational constraints on the emission from the regions involved in this
process (e.g., Marscher et al., 2008) are essential for the progress of the theoretical
models. However, these constraints are limited owing to the large distances to
these objects and the small spatial scales (sub-parsec) involved.

2Research of the Blazar Group, Boston University Institute for Astrophysical Research. Avail-
able online: https://www.bu.edu/blazars/research.html.

https://www.bu.edu/blazars/research.html


3.3. Synchrotron self-absorption and the core-shift effect 35

3.3 Synchrotron self-absorption and the core-shift
effect

The early model of Blandford & Königl (1979) has been successfully used to
explain most of the AGN observations at several bands and spatial resolutions,
from the radio to γ-rays (e.g., Begelman et al., 1984; Maraschi et al., 1992). One
of the main successes of this model in the radio band was the prediction of the
apparent shift along the length of the jet of the position of the core with frequency.
This shift takes place due to the presence of synchrotron self-absorption (SSA,
Pacholczyk, 1970). The “core” of the jet at a given frequency is the most compact
feature, commonly related to the surface at which the optical depth becomes τ = 1
(photosphere) in the continuous jet.

Here we present some of the basic equations of synchrotron self-absorption.
We assume that the electron energy distribution is described by a power law of the
form

N(E) ∝ E−s (3.1)

where s is the particle energy spectral index. The equation for the specific intensity
of the synchrotron radiation at the frequency ν , Iν , can be written as

Iν =
εν

κν

(
1− e−κν τ

)
(3.2)

where εν is the synchrotron emissivity, κν is the absorption coefficient, and τ is
the line-of-sight optical depth through the source. For a plasma with electron self-
absorption, the spectral distribution of emission can be expressed as (Pacholczyk,
1970):

Iν ∝

(
ν

ν1

)[
1− exp

(
ν

ν1

)α0−αt
]

(3.3)

where ν1 is the frequency at which the optical depth τ = 1, αt is the optically thick
spectral index (αt = 5/2 for a homogenous source), and α0 < 0 is the optically
thin spectral index (with spectral index defined by S ∝ να ). The optically thin
spectral index is related to the spectral index, s, by the following relation:

α0 =−
(s−1)

2
(3.4)
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Using the transformation from intensities to flux densities, Equation 3.3 can be ex-
pressed in terms of the observed turnover flux-density, Sm, and turnover frequency,
νm (Türler et al., 1999):

Sν ≈ Sm

(
ν

νm

)αt 1− exp(−τm(ν/νm)
α0−αt )

1− exp(−τm)
(3.5)

where τm = 3
2

(√
1− 8α0

3αt
−1
)

is the optical depth at the turnover. Depending
on the value of ν/νm, Equation 3.5 describes an optically thick (ν < νm) or
optically thin (ν > νm) spectrum with their characteristic shapes Sν ∝ ν5/2 and
Sν ∝ ν−(s−1)/2, respectively.

Once the turnover frequency, νm, and the turnover flux-density, Sm, are ob-
tained, estimates for the magnetic field, B, and the particle density, Ne, (e.g.,
Marscher, 1987) can be derived. The magnetic field and particle density decrease
with r (where r is the distance from the central SMBH along the jet), and can be
approximated as:

B(r) ∝ r−m. (3.6)

Ne(r) ∝ r−n (3.7)

with m and n positive indices. Assuming that the observed VLBI core is identical
to the τ = 1 surface, Lobanov (1998b) derives the observed position of the core,
rc, as:

rc ∝ ν
−1/kr (3.8)

where the coefficient kr = [(3− 2α0)m+ 2n− 2]/(5− 2α0). Assuming that the
jet is conical (constant opening angle), freely expanding (with constant velocity),
and there is an equipartition between the (non-thermal) particle and magnetic field
energy densities, then the coefficient kr = 1, the magnetic field B ∝ r−1 (m =
1), the particle density Ne ∝ r−2 (n = 2), and the position of the core rc ∝ ν−1.
However, if jet flow speed and/or its opening angle are changing along the jet,
other combinations of kr, m, and n are possible, so that we could expect a different
dependence of rc.

When the core at each frequency corresponds to the surface where the optical
depth for synchrotron self-absorption becomes unity (i.e., the τ = 1 surface), the
position of the radio core moves towards the central engine with increasing fre-
quency (e.g., Blandford & Königl, 1979; Königl, 1981; Lobanov, 1998b). This
effect is known as the core-shift effect (see Figure 3.4).
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Figure 3.4: Schematic diagram explaining the radio core-shift of a jet. The dia-
gram illustrates the core-shift of a jet generated from the central black hole (the
black dot) surrounded by the accretion flow (represented as a magenta ellipse),
with the horizontal axis showing a distance from the black hole (rc). The cores of
a jet, the bright surfaces of optical depths being unity, are indicated as grey ellipses
at each frequency; darker colours indicate higher frequencies. The optical depth
τssa for the synchrotron self-absorption is a function of the radio-emitting electron
number density Ne, the magnetic field strength B and the observing frequency ν .
Because Ne and B have a radial profile in the jet, the radial position on the sur-
face at which τssa becomes unity shifts as a function of frequency. If we assume
that Ne and B have power-law profiles described as Ne ∝ r−n and B ∝ r−m (n and
m positive), the frequency dependence of the core position results in rc ∝ ν−α .
Here α = 1/kr is the positive power index described as a function of n and m
(Blandford & Königl, 1979). According to the relation, the core shifts towards the
upper stream with increasing frequencies and would converge on the location of
the central black hole at an infinite frequency. Credit: Hada et al. (2011).
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3.4 Importance and determination of the core-shift

The observational discovery of the core-shift effect was made by Marcaide &
Shapiro (1984), where they reported a 0.7 mas shift between 2.3 and 8.4 GHz in
1038+528A by comparing their separations from a feature in the nearby quasar
1038+528B, which had a perpendicular structure and hence allowed for an un-
ambiguous registration. Since then, simultaneous VLBI observations at several
frequencies have been used to analyze the variations in the observed core posi-
tions with frequency. These studies allow the observed core position to be related
to source-intrinsic parameters, such as the magnetic field and the particle den-
sity (e.g., Lobanov, 1998b; Hirotani, 2005; Kovalev et al., 2008; O’Sullivan &
Gabuzda, 2009; Pushkarev et al., 2009). Based on the core-shift corrected maps,
reliable spectral index maps can be produced that show the spectral slope between
two adjacent frequencies (e.g., Marcaide & Shapiro, 1984).

The complete spectral information (i.e., turnover frequency, νm, turnover flux-
density, Sm, and spectral index, α) can be extracted from multi-frequency VLBI
maps by performing a spectral analysis. Such studies have been performed (e.g.,
Lobanov, 1998a; Savolainen et al., 2008), and yield the spatial distribution of the
spectral values and source-intrinsic parameters, such as the particle density, Ne,
and the magnetic field, B.

Investigation of the core shift effect is important to gain deeper understanding
of the structure and physics in AGN jets. It may also provide information about
the pressure, magnetic field, and density gradients in ambient medium surround-
ing VLBI-scale jets near the central engine of AGN (e.g., Lobanov, 1998b, 2007;
Martí-Vidal et al., 2011; Fromm et al., 2013). The impact of the effect on the in-
terpretation of current and future radio VLBI astrometric measurements has been
discussed by, e.g., Porcas (2009); Charlot (2010); Rioja et al. (2015).

Distant AGN, like quasars and BL Lacs, are currently used as position ref-
erences in the definition of astronomical inertial frames, from radio (the Interna-
tional Celestial Reference Frame, ICRF Fey et al., 2004, 2015) to the optical (e.g.,
Gaia, Lindegren et al., 2012, 2016; Mignard et al., 2016). The consolidation of
reference frames at different regions of the spectrum relies on a well-defined and
time-stable chromaticity (i.e., frequency dependence) of the AGN emission. The
core-shift is expected to introduce systematic offsets between the optical and ra-
dio positions of reference extragalactic sources (e.g., Kovalev et al., 2008, 2017;
Petrov & Kovalev, 2017), which need to be taken into account for accurate radio-
optical reference frame alignment in the era of modern space-based astrometric
missions such as Gaia. It should also be taken into account when constructing
VLBI spectral index (e.g., Kovalev et al., 2008) and Faraday rotation maps (e.g.,
Hovatta et al., 2012).



3.4. Importance and determination of the core-shift 39

Therefore, precise measurements of the core shifts are necessary. One way to
obtain core shifts is through phase-referencing VLBI (see Section 2.7.4). How-
ever, this is a complex and resource-intensive technique, and phase-referencing
core shifts have been determined for only a few AGN, such as 1038+528 (Mar-
caide & Shapiro, 1984; Marcaide et al., 1994; Rioja & Porcas, 1998), 3C 395
(Lara et al., 1994), 4C 39.25 (Guirado et al., 1995), 3C 390.1 (Ros & Lobanov,
2001), M 81 (Bietenholz et al., 2004; Martí-Vidal et al., 2011), M 87 (Hada et al.,
2011), and 3C 454.3 (Kutkin et al., 2014).

Another indirect method to measure core shifts is to align optically thin parts
of an AGN jet at different frequencies (e.g., Croke & Gabuzda, 2008; Kovalev et
al., 2008; O’Sullivan & Gabuzda, 2009; Sokolovsky et al., 2011; Fromm et al.,
2015). However, this method requires simultaneous multi-frequency VLBI obser-
vations, which are likewise fairly resource intensive, and the need to have resolved
jets with clear optically-thin hot spots. Besides, the method does not always yield
unambiguous results. The limitations of these techniques are exacerbated by the
fact that the core shift may well depend on the activity state of an AGN, and there-
fore be time-dependent, whereas at present only isolated core-shift measurements
for individual AGN are available. In addition, the magnitude of the core shifts that
can be detected is limited by the resolution of the VLBI observations used.

In the next chapter we study and compare three different methods to estimate
the core-shift in several sources of the S5 Polar Cap Sample: 1) a slightly modified
version of the SFPR technique presented in Section 2.7.4); 2) a global differential
phase-delay astrometry (see Section 2.7.5); and 3) a combined global astrometry
at U and Q bands.





Chapter 4

High-precision astrometry over
frequencies and time

Insanity: doing the same thing over and
over again and expecting different results.

Albert Einstein

The content presented in this chapter is essentially based on the publication ap-
peared in the journal Astronomy & Astrophysics, 596, A27 (2016), and the manuscript
Core-shifts and proper-motion constraints in the S5 polar cap sample at the 15
and 43 GHz bands submitted to Astronomy & Astrophysics on August 31, 2017.
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Abstract

We have studied a complete radio sample of AGNs with the VLBI technique and
for the first time successfully obtained high-precision phase-delay astrometry at
Q band (43 GHz) from observations acquired in 2010. We have compared our
astrometric results with those obtained at U band (15 GHz) from data collected in
2000. The differences in source separations among all the source pairs observed
in common at the two epochs are compatible at the 1σ level between U and Q
bands. The time interval between observations enables us to achieve precisions in
the proper motions of the source cores of a few µas yr−1. We study the source-
position stability by analyzing the changes in the relative positions of fiducial
source points (the jet cores) over a decade. We find motions of 0.1− 0.9 mas
among close-by sources between the two epochs, which imply drifts in the jet
cores of approximately a few tens of µas yr−1. These results have implications
for the standard AGN jet model (where the core locations are supposed to be
stable in time). With the benefit of quasi-simultaneous U/Q band observations in
2010, we have made spectral-index maps and studied chromatic effects (i.e., core-
shift) at the radio source cores with three different methods. The magnitudes of
the core-shifts are of the same order for all methods, although some discrepancies
arise in the core-shift orientations. In some cases, these discrepancies are due to
insufficient information for the method to be applied. In others, the discrepancies
reflect assumptions of the methods and could be explained by curvatures in the
jets and/or departures from conical jets.

4.1 Introduction

Supermassive black holes are thought to be the engines of AGN and enormous
relativistic jets may be powered by them. These jets show very strong and com-
pact radio emission. The “core” of the jet is the most compact feature, commonly
related to the surface at which the optical depth becomes τ ≈ 1. Due to opacity
and synchrotron self-absorption (SSA) effects, the position of the core, often the
position of the peak intensity (i.e., the τ ≈ 1 surface) depends on the observing fre-
quency (e.g., Blandford & Königl, 1979; Königl, 1981; Lobanov, 1998b). Since
the re-absorption of synchrotron radiation is more efficient at low frequencies, the
peak will appear further downstream along the jet axis as the observing frequency
decreases (see Section 3.3). Detailed studies of the core-shift in the astrometric
catalogues may provide essential information for different aspects of astronomy;
from geodesy and astrometry (i.e., to determine and remove the core-shift con-
tribution in the alignment of the sources at different radio frequencies) to AGN
astrophysics (understand how the jets form and propagate).
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Several methods for measuring the core-shift have been proposed heretofore
(see Section 3.4). For example, Rioja & Dodson (2011) presented a source-
frequency phase-referencing (SFPR) method that makes possible to perform an
intra-source dual-frequency calibration which is particularly convenient at high
frequencies. Croke & Gabuzda (2008) developed a program to determine the
shift between two VLBI images based on a cross-correlation analysis of the im-
ages, making use of all optically thin regions in the source structure. Kovalev et
al. (2008) measured the core-shift of 29 compact extragalactic radio sources by
model-fitting the source structure with two-dimensional Gaussian components,
and referencing the core position to optically thin jet features, whose positions are
expected to be frequency-independent.

However, the sky location of AGN cores may not only depend on frequency,
but also on time. If the opacity in the jet changes (owing to variability in the par-
ticle density and/or the magnetic-field structure) or the jet changes its orientation
(e.g., owing to precession), the position of the core at any given frequency (and
also the core-shift) evolves. This kind of an evolution of core positions encode in-
formation about the changing physical conditions at the innermost regions of the
AGN jets, and also map into time-dependent misalignments among AGN-based
reference frames at different frequencies.

To date, a large fraction of geodetic and astrometric VLBI observations rely
on the group-delay observable. The group-delay astrometry does not usually take
the effect of source structures into consideration, whose time variability (and
frequency dependence) can introduce astrometric biases of even several times
the nominal astrometric group-delay precision (Moór et al., 2011). Restricting
the observations to very compact jet structures (i.e., jets with low “structure in-
dices” Charlot, 1990) and/or to jets with smooth profiles in a particle-field energy
equipartition, help us to minimize the frequency (and time) astrometry variations
in the definition of the reference frames with group-delay astrometry (Porcas,
2009). But, in any case, the use of phase delays instead of group delays pro-
vides a better solution for accounting for the source structure in the astrometry.
Moreover, the phase delays are more precise than the group delays by up to sev-
eral orders of magnitude (see, e.g., Martí-Vidal et al., 2008; Martí-Vidal, 2008,
for a deeper discussion).

The study of core-shifts (as well as absolute proper motions) in a complete ra-
dio sample were the main science drivers of a large VLBI astrometry programme
(BM300) of observations of the complete S5 polar cap sample (Kühr et al., 1981;
Eckart et al., 1986). The main goals of this campaign were the study of the
frequency dependence and time stability of the jet structures (especially, the jet
cores), as well as the characterization of the absolute kinematics of the optically-
thin jet components of all sources.
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The S5 polar cap sample consists of 13 radio-loud AGN that are located at high
declinations (circumpolar for the VLBA). Over two decades, we carried out a set
of VLBA observations of the complete S5 polar cap sample, in phase-referencing
mode, covering a frequency range from 1.4 to 43 GHz. Partial results for some
of those observations (study of the source structures) have already been reported
at 8.4 GHz (Ros et al., 2001) and 15 GHz (Pérez-Torres et al., 2004), as well
as astrometry results for subsets of the sample (Ros et al., 1999; Guirado et al.,
2000; Pérez-Torres et al., 2000; Guirado et al., 2004; Jimenez-Monferrer et al.,
2007). The first global astrometry analysis (where the relative positions among
source pairs at 15.4 GHz could be determined with an unprecedented accuracy)
was published in Martí-Vidal et al. (2008). In year 2010, we used, for the first time
in this astrometry project, the fast-frequency-switching (FFS, Middelberg, 2005)
observing capabilities of the VLBA. The observations were carried out at U and
Q bands, quasi-simultaneously. This approach enables us to perform one single
(i.e., global and self-consistent) fit of the source positions at both frequencies, and
thus, to obtain the shift of the positions between the low and the high frequencies
(i.e, the core-shift).

Here we present a global differential phase-delay astrometry at 14.4 and 43.1
GHz. The analysis performed at 14.4 GHz is similar to that performed in (Martí-
Vidal et al., 2008) but with higher quality observations. Instead, the analysis per-
formed at 43.1 GHz marks likely the limit of application of this technique with
current instrumentation. This is due to the short ambiguities of the phase delays,
compared to the atmospheric variability at timescales of the order of the slewing
times of the antennas. The power of the phase-delay astrometry analysis relies
on the possibility of a simultaneous fit of all the parameters that define both the
geometric and the instrumental components of the interferometer, such as clock
drifts, position of the antennas, and tropospheric/ionospheric delays, together with
the source positions. All these parameters are optimized self-consistently in the
analysis, as opposed to other non-parametric approaches (e.g., phase referenc-
ing), where the instrumental and atmospheric effects are not properly parameter-
ized and optimally accounted for all sources, but rather estimated and interpolated
from one calibrator to a target (see Sections 2.7.4 and 2.7.5).

In addition to this global astrometry analysis, we study and compare three dif-
ferent methods to estimate the core-shift in several sources of this sample: 1) the
global differenced phase-delay astrometry at 14.4 GHz, directly compared to the
global astrometry at 43.1 GHz; a combined (i.e., simultaneous) global astrometry
at the two bands; and 3) a slightly modified version of the SFPR technique. As
a complementary study, we also compare the core-shift directions (for the subset
of sources with successful detections) with the orientation of the core emission at
the two frequencies, as a study of the jet geometry at (sub)-parsec scales.
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In the next section, we describe the VLBA observations, the calibration strat-
egy and the analysis of the data. In Section 4.3, we show the maps of the sources
at both frequencies. In Section 4.4, we present the results of the core-shifts ob-
tained with the SFPR technique. The details of our astrometric analysis as well
as the phase-connection at 14.4 and 43.1 GHz are explained in Section 4.5. In
Section 4.6, we present the results of the global astrometry. An analysis of the
core structures of the sources is presented in Section 4.7. In Section 4.8, we show
spectral-index images for a subset of sources. In Section 4.9, we summarize our
conclusions.

4.2 Observations and data calibration

The VLBA observations were performed in 2010 December 18, starting at 01:26
(UT) with a duration of about 24 hours. The recording rate was set to 256 Mbps
and the observations were in single-polarization mode (only the left circular-hand
polarization, LCP, was registered). We covered a total bandwidth of 64 MHz,
divided into eight intermediate frequency bands (IFs). We used the FFS capa-
bilities of the VLBA frontends, which enabled us to change among different ob-
serving bands in approximately half a minute, without loss of coherence among
band switches (Middelberg, 2005). Our lowest reference frequency was 14.35099
GHz (hereafter 14.4 GHz or U band) and the highest reference frequency was
43.10099 GHz (hereafter 43.1 GHz or Q band). Thus, the higher frequency was
very nearly three times (3.003346) the lowest frequency. Such a frequency con-
figuration makes it possible to perform an intra-source dual-frequency calibration
(SFPR, Rioja & Dodson, 2011), and thus help us to determine robustly the core-
shifts of all sources between these two observing frequencies.

In Table 4.1, we list all the sources of the S5 polar cap sample, together with
the short aliases used in this work. We take the positions reported in Martí-Vidal
et al. (2008) (i.e., those estimated at 15 GHz in year 2000) as the initial posi-
tions for the fit of the 2010 observations. Hence, any shift observed from the
observations reported here can be directly related to a physical shift in the source
positions between June 2000 (i.e., the epoch reported in Martí-Vidal et al. (2008))
and December 2010 (i.e., our new observations).
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Table 4.1: Individual sources observed. Positions are referred to June 2000 at
U band (Martí-Vidal et al., 2008). The last column indicates which sources had
enough GFF detections at Q band for our phase-delay analysis.

Source name Alias Right Ascension Declination Q Fringe
J2000 J2000

B0016+731 00 00h 19m 45.7862s 73◦ 27’ 30.0167” X
B0153+744 01 01h 57m 34.9649s 74◦ 42’ 43.2289”
B0212+735 02 02h 17m 30.8132s 73◦ 49’ 32.6213” X
B0454+844 04 05h 08m 42.3635s 84◦ 32’ 04.5440”
B0615+820 06 06h 26m 03.0062s 82◦ 02’ 25.5678”
B0716+714 07 07h 21m 53.4485s 71◦ 20’ 36.3630” X
B0836+710 08 08h 41m 24.3653s 70◦ 53’ 42.1724” X
B1039+811 10 10h 44m 23.0628s 80◦ 54’ 39.4428” X
B1150+812 11 11h 53m 12.4991s 80◦ 58’ 29.1536” X
B1749+701 17 17h 48m 32.8403s 70◦ 05’ 50.7687” X
B1803+784 18 18h 00m 45.6840s 78◦ 28’ 04.0183” X
B1928+738 19 19h 27m 48.4952s 73◦ 58’ 01.5698” X
B2007+777 20 20h 05m 30.9987s 77◦ 52’ 43.2471” X

The observations were arranged in duty cycles. Each duty cycle covered a
subset of two to four close-by sources (with integration times between 30 and 60
seconds in each source pointing), in a similar way as the duty cycles described in
Martí-Vidal et al. (2008). The duty cycles were designed to maximize the antenna
elevations to optimize the quality of the differential phase delays. We show in
Figure 4.1 the time distribution of all the observations. The frequency-switching
changes were applied in two types of duty cycles, which were alternated every
four iterations. In the first type of cycle (optimized for the frequency-switching
calibration), half of the switchings were applied while the antennas were slewing
among sources. If AL and AH are observations of source A at 14.4 GHz and 43.1
GHz, respectively, the duty cycles were arranged as

AL−BH−BL−AH−AL−BH−BL...

This approach saves some time due to switching. In the second type of duty
cycle, observations of different sources at the highest frequencies were put close
in time:

AL−AH−BH−BL−BH−AH−AL...
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Figure 4.1: Time distribution of our observations in year 2010. Sources under
similar time windows were observed in common duty cycles. The pair 18−19
was not observed in year 2000.

This approach minimizes the time lag among consecutive observations of dif-
ferent sources at the highest frequency band (43.1 GHz), where the atmospheric
effects are more critical for the phase connection of the differential phase delays.
Due to the dual-frequency observations, the duty cycles were, on average, longer
in time than those of the epoch of year 2000. Hence, we restricted our duty cycles
to close-by sources, to minimize the slewing time and ensure a successful phase
connection. The source pairs observed in the duty cycles that have been used in
this analysis are listed in Table 4.2.

The data were correlated at the NRAO headquarters (Socorro), using the NRAO
version of the DiFX software correlator (Deller et al., 2007). A total of 128 spec-
tral channels per visibility were generated (16 channels per IF).

4.2.1 Fringe search

The calibration was performed using the Astronomical Image Processing System
(AIPS) software1 by NRAO, using standard procedures. The dispersive (i.e., iono-
spheric) delay contribution was removed with the AIPS task TECOR, using GPS
satellite data. The effect of source structures at each band was removed by obtain-
ing CLEAN hybrid images of all sources and using the resulting source models
in the computation of the model phases, prior to the final fringe search. The posi-
tions of the peak intensities of all the sources at each band were used as the source
phase centers (i.e., the fiducial reference points for the astrometry). For the phase,
delay, and phase-rate calibration, we applied the Global Fringe Fitting (GFF) al-
gorithm (e.g., Alef & Porcas, 1986) to all data at both bands. We only detected
fringes at Q band for a subset of all sources observed (see Table 4.1).

1http://www.aips.nrao.edu

http://www.aips.nrao.edu
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Table 4.2: Source pairs observed. The separations, used as a priori in this work,
are those determined in June 2000 (Martí-Vidal et al., 2008) using source 07 as
reference. The last two columns indicate the source pairs available at U and Q
bands in 2010.

Pair Separation (deg) U band Q band
01 - 00 6.7707315679 X -
01 - 02 1.6149364850 X -
04 - 06 3.3327854279 X -
08 - 07 6.4191401883 X X
11 - 10 2.6993766419 X X
11 - 18 14.8392077764 X X
18 - 17 8.4082929389 X X
18 - 20 6.3423054016 X X
19 - 20 4.5218913640 X X

Our phase-delay analysis approach (Section 4.6.2) requires detection of fringes
at both bands in consecutive scans, and a sufficiently long integration time, for a
robust estimate of the inter-frequency (core-shift) astrometry. Hence, we could
only perform our core-shift analysis on a subset of the S5 polar cap sample (right
column in Table 4.1).

The total (phase and group) delays were exported from AIPS for their later
analysis with our astrometry software, the University-of-Valencia Precision As-
trometry Package (UVPAP, Martí-Vidal, 2008; Martí-Vidal et al., 2008). The
source pairs available to perform the global differenced astrometry at U/Q bands
are listed in Table 4.2. Notice that, even though we have observations of sources
00 and 02 at Q band (Table 4.1), we could not compute their differential phase-
delays due to the lack of detections of source 01 at Q band (observed in the same
duty cycle).
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4.3 Imaging and deconvolution

4.3.1 Maps at U band
We show the source structures of all sources of the S5 polar cap sample at 14.4
GHz in Figure 4.2. The structures in year 2000 (i.e., the observations reported in
Martí-Vidal et al. (2008)) are shown in blue contours, and the structures recov-
ered in 2010 in red contours. All sources have been shifted to set their intensity
peaks (i.e., the phase centers in our astrometry analysis) at the coordinate origin
of each image. The ten contours shown are spaced logarithmically, from 0.75%
to 99% of the source intensity peaks. The restoring beams have a full width at
half maximum (FWHM) of 1×1 mas in all cases (this is close to the typical major
axis of the restoring beams in all sources, using natural weighting of the observed
visibilities).
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Figure 4.2: Images of the S5 polar cap sample sources in year 2000 (at 15 GHz,
in blue contours) and in year 2010 (at 14.4 GHz, in red contours). The sources
have been shifted to set their intensity peaks at the coordinate origin. The contours
are spaced logarithmically from 0.75% to 99% of the source peaks. The restoring
beams have a FWHM of 1×1 mas.
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4.3.2 Maps at Q band
In Figure 4.3, we show the structures of all sources at 43.1 GHz, as observed in
year 2010. Similar to Figure 4.2, all images in Figure 4.3 have been shifted to
have their intensity peaks at the coordinate origin of each image. The ten contours
shown are spaced logarithmically, from 0.5% to 99% of the source intensity peaks
(for sources 00, 07, 08, 10 and 18), from 2% to 99% (for sources 02, 06, 11 and
17) and from 10% to 99% (for sources 01, 04 and 20). The restoring beam in all
cases is set to 0.3×0.3 mas of FWHM. The intensity peaks of all the maps at 14.4
GHz and 43.1 GHz are given in Table 4.3.

From all images shown, there are a few cases that deserve additional com-
ments. The jet extension of source 04 (0454+844) at 14.4 GHz is seen towards
the south (see Figure 4.2), while the jet extension at 43.1 GHz (see Figure 4.3)
is seen apparently the other way around, with the brightest feature (i.e., the core)
at south. The northern extension at 43.1 GHz could be due, for instance, to a jet
feature (hot spot) propagating downstream from the jet base. If the feature is ap-
proaching the 43.1 GHz core (but it is still in the self-absorbed region), it could
be seen, morphologically, as a false jet-like extension towards the north (or as a
false counter-jet in the direction to the jet base). The core-shift of 04 (Section 4.4)
confirms this interpretation.

Another source worth mentioning is 06 (0615+820). At 43.1 GHz, it shows
two cores, one at northeast (NE) and the other at southwest (SW). The NE core
shows a jet extension in the east-west direction, whereas the SW core seems un-
resolved. This geometry is quite different of what it is guessed from the 14.4
GHz image alone (Figure 4.2), where the two cores are blended in an apparent
jet-like structure in the north-south direction. In Section 4.8, we discuss on the
frequency-dependent brightness distribution of this source.
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Figure 4.3: Images of the S5 polar cap sample sources at 43.1 GHz. The sources
have been shifted to have their intensity peaks at the coordinate origins. The
contours are spaced logarithmically, from 0.5% to 99% of the source intensity
peaks (for sources 00, 07, 08, 10, 17, and 18), from 2% to 99% (for sources 02,
06, 11, 19, and 20), and from 10% to 99% (for sources 01 and 04). The restoring
beams are 0.3×0.3 mas FWHM.
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4.4 Source-frequency phase referencing and core-
shifts

The observations reported in this work were performed using the FFS capabilities
of the VLBA. These capabilities enabled us to make a phase transfer between 14.4
GHz and 43.1 GHz using an adaptation of the SFPR method described in Rioja &
Dodson (2011) (see also Rioja et al., 2014).

The phase-transfer calibration was performed using an in-house developed
software, which makes use of the scriptable ParselTongue interface to AIPS
(Kettenis et al., 2006). Once we accounted for the source structures in the fringe
fitting, the remaining antenna gains at our two observing frequencies were only
affected by atmospheric, instrumental and chromatic effects (e.g., core-shifts) in
the source structure. The bulk of the ionospheric contribution was removed using
the AIPS task TECOR. The non-dispersive contributions were removed by scaling
the phase-like antenna gains at 14.4 GHz by the frequency ratio (43.1/14.4∼ 3),
to calibrate the 43.1 GHz data.

Since the observing times at 14.4 GHz and 43.1 GHz do not coincide (there is
a difference between consecutive scans of at least 30 seconds, which is the time
needed by the FFS system to switch between observing bands), we had to inter-
polate the gains at 14.4 GHz to the observing times at 43.1 GHz, using the rate
integral at 14.4 GHz and accounting for the phase ambiguities among the con-
secutive 14.4 GHz observations. For each scan, the instrumental and ionospheric
offsets between the scaled 14.4 GHz phases and the 43.1 GHz phases were sub-
tracted by phase-referencing from sources observed in common duty cycles (see
Figure 4.1).

After applying the SFPR calibration, we measured the position shifts of the
intensity peaks in all the resulting images (shown in Figure 4.4). These shifts
contain the core-shift of the target sources plus the core-shifts of their respective
phase-referencing calibrators (Table 4.3). In order to decouple the shifts of the
calibrators from those of their targets, we re-referenced the shifts in all the SFPR
images to common points in the sky: the compact and optically-thin jet compo-
nents in sources 10, 11, 18, 19, and 20 (shown in Figure 4.5).

In Figure 4.4, we also show the expected SFPR peak positions for the pairs
19-20, 19-18 and 18-20, by assuming that the compact optically-thin jet features
at 14.4 and 43.1 GHz are co-spatial. These results cannot be directly compared to
those in Rioja et al. (2015), since the spatial resolutions are very different and jet-
blending effects introduce additional shifts of the source peaks at each frequency.
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Figure 4.4: SFPR images at 43 GHz. The axes, given in mas, correspond to
the RA and Dec offsets with respect to the peaks at 14.4 GHz. Contours are
logarithmically spaced between 5σ noise and the source peak. The label XX-
YY indicates source YY phase-referenced to the calibrator XX. The red crosses
indicate the expected peak positions of sources 18, 19 and 20, assuming that their
compact optically-thin jet components (as well as those of their calibrators) are
co-spatial at 14.4 and 43.1 GHz.

The strategy of using compact optically-thin features as an astrometry refer-
ence has been applied in previous core-shift studies (e.g., Kovalev et al., 2008;
Fromm et al., 2013). We notice that the use of more extended optically-thin emis-
sion (e.g., the jet extension in source 08) may bias the core-shift, due to spectral
gradients accross the jet structure.
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Figure 4.5: Sources with a successful phase-transfer calibration. Contours at 14.4
GHz are shown in blue; at 43.1 GHz, in green. Notice the short red lines close
to the image peaks, which indicate the direction and magnitude of the core shifts.
The FWHM of the restoring beam in all images is 0.6×0.6 mas. The optically-
thin components used as astrometry references in the SFPR analysis (Section 4.4)
are indicated with crosses. The uncertainties in the core shifts (Table 4.3) are not
shown in this figure for clarity.
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In Figure 4.6, we show the difference between the overall Pie Town phase
gains at 14.4 GHz (scaled up by a factor of three, to convert them into 43.1 GHz
gains, and interpolated in time) and the overall phase gains computed directly
from the 43.1 GHz fringes. We notice that the differences in the phase gains for
most of the sources are not random. This is indicative of a successful phase-
transfer calibration. However, there were few successful gain solutions at 43.1
GHz for source 01, which were not sufficient to perform the SFPR calibration
among sources 00, 01, and 02. In addition, we only considered successful SFPR
detections those with an image dynamic range S/N > 5. As a consequence, the
core-shift of sources 11 and 17 could not be re-referenced to any other source of
the sample.
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Figure 4.6: Left, difference between the phase gains at 43.1 GHz and the –scaled up by a factor of three– phase gains at
14.4 GHz for the Pie Town antenna. The instrumental phase offset has been removed (see text). Hence, the differences
among sources observed in common duty cycles encode information related to the core-shift of the sources between the two
observing frequencies. Right, zoom for source 1803+784.
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Table 4.3: Results for individual sources: map peak intensities at the epochs 2000 (only 15 GHz) and 2010 (14.4 and 43.1
GHz) and shift of those peak intensities (usually associated to the cores, and hence called core-shifts) between 14.4 and 43.1
GHz at epoch 2010. All shifts are re-referenced to optically-thin jet components (see Figure 4.5). Source 06 is a special case
(see text).

Source name Alias PR-Calib Peak (2000) Peaks (2010) Core shift Ref.
(Jy/beam) (Jy/beam) RA Dec Module
15 GHz 14.4 GHz 43.1 GHz (µas) (µas) (µas)

B0016+731 00 − 0.73 0.98 0.53 − − − −
B0153+744 01 − 0.19 0.08 0.01 − − − −
B0212+735 02 − 1.69 1.69 0.48 − − − −
B0454+844 04 06 0.17 0.17 0.07 2 ± 138 181 ± 74 226 ± 78 10
B0615+820 06 04, 07 0.27 0.38 0.14 −32 ± 95 −35 ± 43 100 ± 56 10
B0716+714 07 06, 08 1.02 2.04 1.62 14 ± 55 −108 ± 26 121 ± 30 10
B0836+710 08 07, 10 1.42 1.81 1.41 −44 ± 53 −16 ± 25 66 ± 35 10
B1039+811 10 08 0.75 0.50 0.44 57 ± 12 −4 ± 13 58 ± 12 10
B1150+812 11 − 0.55 0.43 0.16 54 ± 2 9 ± 2 55 ± 2 11
B1749+701 17 − 0.31 0.47 0.22 − − − −
B1803+784 18 19, 20 1.79 1.70 0.84 −20 ± 4 24 ± 4 31 ± 3 18
B1928+738 19 18, 20 1.53 3.24 1.39 −15 ± 4 −36 ± 5 39 ± 5 19
B2007+777 20 18, 19 0.95 0.60 0.22 168 ± 8 −23 ± 9 170 ± 8 20

Notes: PR-Calib are the aliases of the sources used as SFPR calibrators for each source (see Section 4.4). Core shift
is the shift between the intensity peaks of the images at different frequencies. We notice, though, that the intensity peak
may not correspond to the true core of the AGN jet in some cases (see Section 4.8). Restoring beam of 0.6× 0.6 mas
at all frequencies have been used prior to finding the intensity peaks.The VLBI uncertainties in the absolute flux-density
calibration are typically 5−10%. Ref is the source with an optically-thin jet feature used as a position reference for the core
shift (see text).
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4.5 Phase connection at U and Q bands

4.5.1 The a priori model
In order to perform the phase-connection at U band, the group delays at 14.4 GHz
of all sources were used to derive good a priori models for the atmospheric non-
dispersive delay and the drifts of the stations clocks. These models were then used
to perform a preliminary connection of the (otherwise ambiguous) phase delays.
The remaining unmodeled phase cycles were derived using an automatic phase-
connection algorithm (Martí-Vidal et al., 2008).

The phase connection at 43.1 GHz is especially difficult, since the delay corre-
sponding to one 2π phase cycle is so short (only ∼ 23 ps) that very small unmod-
eled atmospheric effects can add several 2π cycles to the phase-delays between
two consecutive observations of the same source. A parameterized interferom-
eter model (with station-based clock drifts described by third-order polynomials
and atmospheric delays described by piece-wise linear functions) was fitted to the
group delays, which provided a prediction of the delay rates good enough to en-
sure the proper connection of the phase-delays between consecutive scans of the
same source. Since the average time separation between observations is ∼ 180 s
and the phase cycle at 43.1 GHz is ∼ 23 ps, the residual rates have to be lower
than (23 ps/180 s) = 0.13 ps/s to ensure a good phase connection.

In Figure 4.7, we plot the distribution of the residual delay rates of our ob-
servations at Q band. Residual delay rates with absolute values higher than 0.13
ps/s in the distribution, most of them corresponding to the longest baselines and
the weakest sources, are not negligible. The model phase delays were used to
perform the connection of the observed phase delays. Remaining 2π cycles were
found by applying the same automatic phase-connection algorithm as at U band.
The few remaining (antenna-based) ambiguities, left after the connection process,
were determined using the smoothness criterion described in Martí-Vidal et al.
(2008).

4.5.2 Source-based clock offsets
The procedure used to estimate the source-based constant clock offsets (CCOs)
for the first global high-precision differential astrometry at U band was described
in Martí-Vidal et al. (2008). Basically, they applied an iterative process, where
the CCOs were left as free parameters and they fixed (one at a time) the closest
CCO to a complete 2π phase-delay cycle. They iterated this procedure until all
the source-based CCOs were fixed to complete 2π phase-delay cycles.



60 CHAPTER 4. High-precision astrometry over frequencies and time

−0.4 −0.3 −0.2 −0.1 0.0 0.1 0.2 0.3 0.4

Res. rate (ps/s)

0

100

200

300

400

500

600

700

800
#

 O
f 

R
e
si

d
u
a
ls

Figure 4.7: Distribution of the residual delay rates for all the baselines, sources,
and scans of our observations. The dashed lines at 0.13 ps/s illustrate that most
of the values are good enough to ensure the phase-delay connection at 43.1 GHz
(see text).

In this thesis, we present another automated procedure, where the CCOs are
fixed in the frame of a Monte Carlo analysis for the estimate of the astrometric
uncertainties. The source-based CCOs, together with the tropospheric delays,
antenna positions, and even the dispersive ionospheric delays, are allowed to vary.
From all these random deviations of the model parameters, we derive the posterior
probability distributions of the source positions.

The phase-connections at U and Q bands were performed at distinct times
and the a priori uncertainties selected for the tropospheric and ionospheric delays
were slightly different. The nodes of the piece-wise linear functions of the tropo-
spheric delays were randomly perturbed following Gaussian distributions of 0.2
ns (0.1 ns) variance for the U (Q) band. We selected the values from the weather
conditions of the experiment, after we evaluated the delay variations of the wet
and dry components of the troposphere along the full experiment. For the iono-
spheric delays, we applied random Gaussian perturbations in the TEC, of variance
0.1 (0.5) TECUs for the U (Q) band. We decided to use a 5× higher ionospheric



4.5. Phase connection at U and Q bands 61

0.0 0.1 0.2 0.3 0.4 0.5
CCO offset (cycles)

0.00

0.02

0.04

0.06

0.08

0.10

#
 F
it
te
d
 C
C
O
s 
(N
o
rm

.)

0.0

0.2

0.4

0.6

0.8

1.0

C
u
m
u
la
ti
v
e
 p
d
f

# Fitted CCO
Cum. pdf

Figure 4.8: Normalized distribution of constant clock offset deviations from com-
plete 2π phase-delay cycles at 43.1 GHz. The red line represents the fitted values
while the blue line represents the cumulative probability distribution function. No-
tice the peak near zero in the red line. Notice as well in the blue line that half of
the CCOs are within 0.15 cycles (∼ 3.5 ps).

uncertainty at Q band after we evaluated that our results were not very much af-
fected within that variance interval. Finally, for the antenna positions, we applied
Gaussian perturbations of 1 cm variance (in each coordinate).

In Figure 4.8, we show the distribution of CCO deviations from complete
2π phase-delay cycles at Q band, acquired from the whole set of Monte Carlo
iterations. We notice that the CCO probability distribution has a clear peak near
integer number of 2π phase cycles, being minimum in the region around half 2π

cycles. Such a CCO distribution is expected from a successful phase connection,
since the difference in phase-delays between antennas for each source shall be,
by construction, an integer number of 2π cycles. The fact that we recover such
values (from a completely free fit of the CCO values) is a good indicative that the
time evolution of the delays for the different sources (which can cover several 2π

cycles across the scans) are coherent from source to source, and during the whole
experiment.
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4.6 Differential phase-delay astrometry at U and Q
bands

With the phase-delay ambiguities properly corrected at both bands, we finally
computed the differential phase-delays (i.e., differences among delays for sources
observed in the same duty cycles). Typically, the inclusion of the differential
delays in the astrometric analysis improves the precision by roughly an order of
magnitude, when compared to an ordinary phase-referencing analysis. This is due
to the many redundancies present in our multi-source duty-cycle scheduling, and
to the superior quality of a parametric astrometry analysis (i.e., fitting delays and
phases to a complete geodetic + astrometric model) when compared to ordinary
phase-referencing astrometry (where the geodetic + atmospheric models cannot
be optimized).

In Figure 4.9, we show the undifferenced and differenced phase delays at U
band for two different baselines: Fort Davis to Pie Town (FP) and Brewster to
Hancock (BH). The delays of all observed source pairs are shown in this figure.
The high quality of the global fit is very clear, and indeed superior to the results of
the epoch reported in Martí-Vidal et al. (2008). The rms of the post-fit undiffer-
enced delays range from 2.2 ps (baseline Brewster − Hancock observing source
00) to 54 ps (baseline Kitt Peak−North Liberty observing source 20). For the dif-
ferenced delays, the rms of the post-fit residuals range from 0.26 ps (Brewster −
Pie Town observing the pair 19−20) to 7 ps (Fort Davis −Mauna Kea observing
the pair 18−20).

For the Q band, the rms of the post-fit undifferenced delays range from 3.3
ps (baseline Kitt Peak − North Liberty observing source 08) to 36 ps (baseline
Brewster− Kitt Peak observing source 19). For the differenced delays, the rms of
the post-fit residuals range from 0.53 ps (Brewster − Pie Town observing the pair
19−20) to 10 ps (Fort Davis − Hancock observing the pair 18−20).

In Figure 4.10, we show the undifferenced and differenced phase-delays for
two representative baselines: Kitt Peak to Pie Town (KP), which corresponds to
the shortest baseline in our sample (∼ 420 km); and Hancock to Mauna Kea (HM),
which corresponds to the longest baseline in our sample (∼ 7500 km). The resid-
ual delays of all observed source pairs are shown in this figure.

The uncertainties in all observables were scaled to the rms of the post-fit resid-
uals, arranged for each baseline and source pair, to minimize the effect of bad data
on the final astrometric results, as also done in Martí-Vidal et al. (2008).
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Figure 4.9: Post-fit residual phase delays for baselines Fort Davis – Pie Town (left) and Brewster – Hancock (right) for all
observed sources: undifferenced delays (top); differenced delays (bottom). The dashed lines correspond to the delays of a
±2π phase ambiguity at 14.4 GHz. The error bars are shown in all figures.
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Figure 4.10: Post-fit residual phase-delays for baselines Kitt Peak – Pie Town (left) and Hancock – Mauna Kea (right) for
all observed sources: undifferenced delays (top); differenced delays (bottom). The dashed lines correspond to the delays
of a ±2π phase ambiguity at 43.1 GHz. Each color represents one source in the sample. The lack of residual differenced
phase-delays between 20−25 h for the baseline HM is due to low S/N data of the source 20 (magenta) in that interval. The
error bars are not shown in this figure for clarity.



4.6. Differential phase-delay astrometry at U and Q bands 65

Table 4.4: Results for the source pairs at U band: the displacements indicate the
change in angular separation among source cores between the two epochs.

Pair U2|U1 (mas)
01 - 00 −0.334 ± 0.190
01 - 02 −0.123 ± 0.065
04 - 06 +0.451 ± 0.230
08 - 07 −0.440 ± 0.300
11 - 10 +0.423 ± 0.090
11 - 18 −0.920 ± 0.970
18 - 17 −0.371 ± 0.750
18 - 20 −0.394 ± 0.210
19 - 20 −0.260 ± 0.640

4.6.1 Changes in source separation with time and frequency
From the global astrometric analysis, we can analyze changes in the source core
positions between our observations, either over time (i.e., between 2000 and 2010)
or between frequencies (i.e., U and Q bands). We have used source 07 (0716+734)
as the absolute reference source, because it has shown a rather compact structure
at all epochs and frequencies. However, the choice of a different reference source
does not affect the observed differences in source separations substantially (the
disagreements are well within the error bars), since any shift in the sky (due to the
shift of the reference source) keeps constant the angular separations among the
sources.

Source separation as a function of time

We call θ the angular separation between a given pair of sources. Since we refer
the position of the sources to the intensity peaks at each frequency, we can think
of the angular separation as a function of time (proper motions) and frequency
(core-shifts). Thus, we write θ(t,ν). First, we determined the changes in the
angular separation between epochs for the case of almost the same frequency
(ν ∼ 15 GHz, U band). If we denote epochs 2000 and 2010 with indexes 1 and
2, respectively, the change in angular separation of a pair of sources between the
two epochs at U band, ∆θU2|U1 , will be

∆θU2|U1 = θU2−θU1, (4.1)
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Figure 4.11: Differences in source separations between years 2000 and 2010
among all the source pairs observed in common in the two epochs at the different
frequencies.

where θU1 and θU2 are the angular separations of the pair of sources (at U band)
in years 2000 and 2010, respectively. Since the a priori uncertainties selected for
the U band were slightly different to those selected for the Q band (see Section
4.5.2), we present first the results for the U band in Table 4.4.

On the other hand, since we have also determined the position of the sources
at Q band, we can calculate the change in the angular separation between epochs
and frequencies, i.e.,

∆θQ2|U1 = θQ2−θU1, (4.2)

where θQ2 is the angular separation between a pair of sources at Q band in year
2010. In Figure 4.11, we show the changes in angular separation between sources
as a function of source separation for the U band (epochs) and Q band (frequencies
and epochs) with respect to the U1 reference positions.

We find that the results at U (blue) and Q (green) bands are compatible at 1σ

for those source pairs available at both bands. For the U band, on average and in
absolute value, the source pairs have changed their separations by 0.26±0.20 mas
(compatible with zero), although there is a pair of sources, 11− 10, for which a
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non-zero proper motion is detected at 4.7σ . The proper motions of the 14.4 GHz
cores, averaged over a decade, are thus in the range 0−100 µas yr−1. In contrast,
a comparison of the images of all sources in years 2000 and 2010 (see Figure
4.2) indicates that a substantial evolution in the source structures has taken place
over a decade in some of them, with differences in the contour locations (with
respect to the position of the peak intensity) of the order of a large fraction of a
milliarcsecond (this is specially true for source 11).

These results suggest that a small fraction of the jet cores (at least, source
11) whose locations are believed to be relatively stable, compared to those of
optically-thin features (Blandford & Königl, 1979), do change after a few years
their absolute positions in the sky at levels higher than the astrometry precision of
current and future AGN-based inertial reference frames.

Titov et al. (2011) have reported on proper motions for a large sample of radio-
bright AGN, from global geodetic and astrometric VLBI observations spanning
several decades. Indeed, all the S5 polar cap sample sources, but 02, have peculiar
motions reported by Titov et al. (2011). The average peculiar motion for the S5
sources at 8 GHz, according to Titov et al. (2011), is 99±65 µas yr−1, which is
of the order of the peculiar motions that we report for the same sources at 14.4
GHz (i.e., 0−100 µas yr−1).

There are other cases of AGNs where systematic motions have been found in
their jet cores from intensive VLBI campaigns in phase-referencing mode, either
at several frequencies (e.g., Martí-Vidal et al., 2011) or at a single frequency (e.g.,
Bartel, 2012). In some sources, the core motions appear to be periodic (likely due
to jet precession, e.g., Martí-Vidal et al., 2011; Kudryatseva et al., 2011; Lobanov
& Roland, 2005) and could be the effect, for instance, of either binary central
engines or large-scale hydrodynamical instabilities (e.g., Perucho et al., 2006).
More random jitterings found in other jet cores (e.g., Bartel, 2012) could be due
to a randomly-changing activity in the central engine.

The peculiar core motions reported in all these works reach values of up to
several tens of µas yr−1, which are similar to the proper motions reported here
for the S5 polar cap sample. These results somewhat challenge the picture of an
astrometrically-stable AGN jet core.
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Table 4.5: Results for the source pairs at U and Q bands: the displacements in-
dicate the change in angular separation between frequencies and epochs (second
column) and between frequencies for the same epoch (third column).

Pair Q2|U1 (mas) Q2|U2 (mas)
10 - 11 +0.411±0.072 +0.027±0.083
19 - 20 −0.386±0.125 +0.023±0.197
18 - 20 −0.297±0.306 +0.094±0.304
07 - 08 −0.465±0.177 +0.008±0.071
17 - 18 −0.317±0.389 +0.055±0.177
11 - 18 −0.953±0.490 −0.042±0.135

Source separation as a function of frequency

Combining Equations 4.1 and 4.2 we can also calculate:

∆θQ2|U2 = ∆θQ2|U1−∆θU2|U1 = θQ2−θU2 (4.3)

Since we use the same a priori positions of the sources to calculate θQ2 and θU2 ,
∆θQ2|U2 contains information about the combined core-shift of the pair of sources
(i.e., the difference of the core-shifts between the two sources). We summarize
the results of Equations 4.2 and 4.3 in Table 4.5.

In Figure 4.12, we show the difference in angular separation between sources
at different frequencies in year 2010. We find that all variations are compatible
with zero at 1σ . Furthermore, if we apply the core-shift position corrections deter-
mined in Section 4.4 by means of phase-transfer phase referencing calibration, we
conclude that all frequency-dependent changes in the angular separations between
sources are also compatible with zero at 1σ .

The uncertainties in the source motions between epochs 2000 and 2010 were
estimated using a Monte Carlo approach. We generated a set of one thousand dif-
ferent realizations of the fit, obtained by adding random tropospheric delays, iono-
spheric delays, and antenna-position shifts, as discussed in Section 4.5.2. From
each Monte Carlo iteration, the motions of all pairs of sources between epochs
2000 and 2010 were computed. The uncertainties in the motions were then ob-
tained from their standard deviation over all the Monte Carlo iterations. The con-
tributions to the error budget related to other (non-atmospheric) effects, such as
station clocks or UT1-UTC, are much smaller than those included in the Monte
Carlo analysis, and were already taken into account in the estimate of the position
uncertainties made by UVPAP, which are based on the post-fit covariance ma-
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Figure 4.12: Differences in source separations between U and Q bands in year
2010. The red crosses correspond to the changes in angular separations estimated
from the core-shift position corrections given in Table 4.3.

trix. These uncertainties were added in quadrature to those from the Monte Carlo
analysis.

4.6.2 Inter-frequency differential phase-delay astrometry
Once all the 2π ambiguities (and clock offsets) of the phase-delays were corrected
at both bands, all the data could be included into a single self-consistent fit (com-
prising data from both bands). The differences of delays between the bands for
each source (we call them “inter-frequency differential phase-delays”, IFDPD)
are sensitive to the change of source position with frequency (i.e., the core-shift).
Given that the ionospheric effects were removed from the group (and phase) de-
lay observables before the phase connection (using IONEX maps, as described in
Martí-Vidal et al., 2008), at least to a first-order approximation, the remaining ef-
fects in the data are all non-dispersive (i.e., numerically the same for both bands).
Therefore, we can use the same atmospheric model, clock drifts, and antenna po-
sitions to fit the delays at the two frequencies.
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There is, though, a small instrumental effect left between the bands, which
is related to the different optical paths followed by the signals at the different
frequencies, from the antenna sub-reflectors to the VLBI backends. We account
for this effect by including a new set of fitting parameters into the model, in the
form of antenna-dependent constant clock offsets (common to all sources), for
only Q band. If τU and τQ are the delays at U and Q band, respectively, for a
given source at a given baseline and time, then

τQ− τU = τ
geo
Q − τ

geo
U + τ

inst
Q − τ

inst
U + τ

sou
Q − τ

sou
U , (4.4)

where τgeo is related to antenna positions and atmosphere (the same at both bands),
τsou is the delay induced by source structure (which encodes the core-shift) and
τ inst contains the instrumental effects (clock drifts and optical path into the sys-
tem). The drift of the maser is the same at both bands, so that τ inst

Q − τ inst
U is only

affected by the different (and constant) optical path of the signals between U and
Q bands. This delay is modeled as

τ
inst
Q − τ

inst
U = ∆τ

A−∆τ
B, (4.5)

where A and B are the antennas in the baseline and ∆τX is the extra path of the Q
signal (with respect to U) at antenna X (i.e., the extra clock offsets added to the
UVPAP model, for the IFDPD analysis). Using this set of extra parameters, the
differences in phase-delays at the two frequencies can be used to determine the
core shift, since Equation 4.5 models the instrumental delay, so that only the term
τsou

Q − τsou
U remains unmodeled in Equation 4.4.

The IFDPD analysis is performed in a global fit, where all sources are fitted to
the same geometrical and instrumental interferometer model. As was discussed in
Section 4.6, the use of more than two sources in a global differential-astrometry
fit increases the precision and robustness of the astrometry results, due to the
extra redundancy in the observables (i.e., the same clock drifts and atmospheric
model apply to all the different sources and source pairs). Extending the global
analysis to the IFDPD observables has thus clear advantages compared to the
standard SFPR technique, where each target uses only gains interpolated from
one calibrator.

We performed the IFDPD analysis using a Monte Carlo approach, to deter-
mine the effects of atmosphere, clocks, and antenna positions on the estimated
core-shifts. The atmospheric delay at each station was allowed to vary follow-
ing Gaussian distributions with a variance of 0.1 ns (for the troposphere) and 0.5
TECUs (for the ionosphere), which are realistic estimates of the uncertainty levels
in the atmospheric models, as we previously discussed in Section 4.5.2. The an-
tenna positions were left to vary following Gaussian distributions with a variance
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of 1 cm. On each iteration, the (antenna-dependent) CCOs were found for each
antenna and source at Q band in an automatic way, as was also done in the global
fit (see Section 4.5.2). We show in Figure 4.13 the 2D histograms of the core-shifts
for all sources with successful fringe detections at both bands, as estimated from
the IFDPD analysis. The core-shift estimates obtained with the SFPR technique
are shown as red crosses for the sources with successful SFPR detections.

For sources 10, 11 and 18, the IFDPD core-shifts are almost degenerate (at
sub-mas scales) among different directions on the sky. This degeneracy indicates
strong coupling with the varying parameters in the Monte Carlo analysis (mainly,
the atmosphere and its cross-talk with the CCOs at Q band). For source 20, the
uncertainty derived from the Monte Carlo analysis is very large (of the order of a
milliarcsecond in the major axis of the 2D histogram distribution), which makes
the result unusable. For sources 07, 00, 02, and 08, the IFDPD core-shifts have
lower uncertainties, although we see a remarkable difference between the IFDPD
and the SFPR core-shift estimates for source 07. At the moment of writing these
lines, we do not find any explanation for such a difference between the two meth-
ods. The SFPR result seems to agree better with the source morphology.
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Figure 4.13: In black, 2D histograms of the core-shifts in the S5 polar cap sample estimated from the IFDPD analysis (see
Section 4.6.2). In red crosses, core-shifts estimated using the SFPR technique (Section 4.4). Blue (green) shaded areas
indicate the orientations (within 1σ ) of the main axis of the Gaussian intensity distributions fitted to the jet cores at U (Q)
band (see Section 4.7.1).
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4.7 Core structures

4.7.1 Visibility model-fitting of the core emission
As a complement to our global differenced phase-delay analysis, we have carried
out a morphological study of the core regions at both bands. In principle, and as
long as the core regions can be resolved at our VLBI resolutions, we would expect
that the elongation of the jets in the core regions would be aligned to the direction
of the core shifts. In addition to this, and according to the standard jet interaction
model (e.g., Blandford & Königl, 1979), the elongations of the core regions at
both bands should have a similar orientation, as long as the jets are straight in
these regions. Indeed, if the core emission at U and Q bands comes from the
conical regions of the jets, the core sizes should be inversely proportional to the
observing frequencies (e.g., Blandford & Königl, 1979; Marscher, 1980; Martí-
Vidal et al., 2011).

Any deviation of the core morphology from these predictions, which are based
on the standard jet model, may indicate either bent jet geometries or emission from
non-conical (i.e., concave) jet regions, likely related to the Poynting-dominated
zone of the outflows close to the jet bases (e.g., Marscher, 1980; Marscher et al.,
2008; Martí-Vidal et al., 2013).

We have used the UVMULTIFIT program (Martí-Vidal et al., 2014), based
on the CASA2 software by NRAO, to derive the sizes, morphologies and orienta-
tions of the core regions of all sources detected in both bands. Before fitting the
core regions, we subtracted the optically-thin jet extensions from the visibilities,
using the CASA task uvsub. The emission from the optically-thin jet extensions
was taken as that of all the CLEAN components beyond one restoring beam from
the peak intensity (using natural visibility weighting). After subtraction of the jet
extensions, the core regions were fitted using elliptical Gaussian intensity distri-
butions.

In Figures 4.14 and 4.15, we show some examples images that show the sub-
traction of the optically-thin extended jet components, as well as images of the
post-fit residuals (right), after fitting the Gaussian intensity distributions to the
core regions. In all cases, the unmodeled (i.e., residual) post-fit peak intensi-
ties are .1% of the pre-fit peak intensities. This indicates that most of the core
emission can indeed be sucessfully modeled with an elliptical Gaussian intensity
distribution. We show in Figure 4.13 the orientations (within 1σ ) of the main axis
of the Gaussian intensity distributions fitted to the jet cores at both bands.

2http://casa.nrao.edu

http://casa.nrao.edu
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Figure 4.14: Left, images of sources 08 (top) and 10 (bottom) at U band, separat-
ing the core emission (contours) from the extended jet (color scale). The contours
are spaced logarithmically in ten levels, running from two times the rms of the
residuals to the image peak. Right, post-fit residuals of UVMULTIFIT, fitting a
Gaussian brightness distribution to the core emission of each source.
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Figure 4.15: Same as Figure 4.14, but at Q band.



76 CHAPTER 4. High-precision astrometry over frequencies and time

4.7.2 Fitting results
In Figure 4.16, we show the orientations, ellipticities (i.e., minor-to-major axis
ratios) and sizes of all the Gaussians fitted to the jet cores at both bands. Several
conclusions can already be drawn from this comparison between the bands. On
the one hand, the position angles of the major Gaussian axes are similar between
the two bands for most sources (differences of a few sigmas are seen between the
bands), with some outliers (sources 02, 07, 10, and 20). Hence, the jets seem to
be rather straight for a large subset of the sample.

On the other hand, the axis ratio, which should be the same at both bands if the
core emission originates in the conical jet region (since, in this region, the bright-
ness distribution is self-similar at any frequency), shows remarkable systematics
between the two bands. At the lowest frequency, the ratio is typically higher (i.e.,
the Gaussians are more elongated at the higher frequency). A natural explanation
of this deviation from self-similarity is that there may be a contribution to the
emission at Q band coming from the concave (i.e., Poynting-flux dominated) jet
region, where there is a shallower dependence of the magnetic-field intensity and
particle density with distance to the jet base (Marscher, 1980), hence extending
the core regions at the highest frequencies (Martí-Vidal et al., 2013).

This interpretation is supported by the comparison of core sizes (Figure 4.16,
right), where the size of the minor Gaussian axis (i.e., the axis related to the width
of the jet), when scaled by the frequency ratio from the observed U band size, is
smaller than the observed Q band size. At the concave jet region, the jet width
is not proportional to the distance from the jet base. Hence, if the emission at Q
band (or at least, a fraction of it) comes from the concave jet region, the estimated
jet width will be larger than the frequency-scaled size from the U band.

Our results with visibility model-fitting thus seem to indicate that at least a
fraction of the core emission at Q band is not originated in the conical jet region,
and/or that the standard jet model may not apply to all sources in our sample at Q
band. Of course, this will have an effect on the expected core shift, since it will be
smaller in the concave jet region, compared to that in the pure conical model (e.g.
Martí-Vidal et al., 2013).
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Figure 4.16: Left, position angles of Gaussian intensity distributions fitted to the core emission at U band (horizontal axis)
and Q band (vertical axis). Center, minor-to-major axis ratios of the same fitted Gaussian intensity distributions. Right, size
of the minor Gaussian axis at U band (multiplied by the U/Q frequency ratio) vs. size of the minor Gaussian axis at Q band.
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4.7.3 Core-shifts vs. core-orientations
From the standard jet model, it is expected that the major axis of the Gaussian
distributions fitted to the core (which would follow the local direction of the jet)
will be in line with the direction of the core-shift. This statement holds as long as
the jet remains straight in the region between the cores at both bands. We can test
it by direct comparison of our core-shift estimates and the UVMULTIFIT results.
Indeed, Rioja et al. (2015) find agreement between core-shift directions at several
bands (from 43 GHz up to 140 GHz), observed with the Korean VLBI Network
(KVN) and the orientations of the jets in several AGN. We notice, though, that
the limited angular resolution of the KVN (beam larger than the core-jet regions)
might introduce blending effects of the jet emission within the beam and partially
mask the true core-shift in these sources. Instead, the VLBA angular resolution is
adequate to resolve the core from the extended jets.

The two sources with highest S/N in the IFDPD core-shift estimates are 00
and 02 (see Section 4.6.2). We show in Figure 4.17 a reconstruction of the jet core
structure based on the Gaussians fitted with UVMULTIFIT. We show the FWHM
of the cores at both bands shifted one from the other using the IFDPD core-shift.
For source 00, we see an excellent agreement between the orientations of the
Gaussians at both bands and the direction of the core-shift. This is indicative of a
straight jet (notice that source 00 falls on the 1:1 correlation in Figure 4.16, left).
Regarding source 02, the core-shift is almost aligned to the major axis of the core
Gaussian at U band, although the core Gaussian at Q band shows a rotation of
almost 90 degrees with respect to U band. This may be indicative of a strongly
curved jet at pc scale from the central engine. Similar curved jet structures have
indeed been reported for other AGN (e.g., Savolainen et al., 2006; Molina et al.,
2014).

A direct comparison between the SFPR core-shift direction and the orientation
of the elliptical-Gaussian intensity distributions, fitted to the core emission at both
bands, is shown in Figure 4.18 (top). We notice that, for a correct comparison,
an ambiguity of 180 degrees has to be applied to the position angles of the (ax-
isymmetric) elliptical Gaussian distributions. We have done so by either adding or
subtracting 180 degrees to the UVMULTIFIT estimates, so that the angles get as
close as possible to the core-shift directions. For completeness, we show in Figure
4.18 (bottom) the comparison between core position angles and IFDPD core-shift
directions (only for those sources with clear, non-degenerate, detections). In both
cases (SFPR and IFDPD), there is a hint of a weak correlation. For the SFPR, we
find a correlation coefficient R2 of 0.59 and 0.56 for U and Q bands, respectively.
Sources 19 and 07 are far from the correlation by about 50 degrees at both bands,
whereas sources 08, 11, 10, 18 and 20 are about 20−40 degrees away.
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The lack of a 1:1 correlation between the morphological jet direction (i.e., the
position angle of the core Gaussian distributions) and the direction of the core shift
indicates large departures of the sources from straight jets. Helicoidal jet shapes,
coupled to opacity effects at the jet cores, could help explain both the different
orientations of the cores at the different frequencies seen in some sources (Figure
4.16, left), as well as the misorientation of the core-shift with respect to the core
major axes (Figure 4.18).

4.8 Spectral-index maps

We show in Figure 4.19 the spectral-index distribution (i.e., α , being the flux
density ∝ να ) for the sources where a successful phase-transfer calibration could
be performed. For the spectral-index computation, we have used a compromise
convolving beam of 0.6×0.6 mas FWHM for the images at 14.4 GHz and 43.1
GHz. In Figure 4.19, we see that the jet cores have nearly flat (or even inverted)
spectra, with the spectral index, α > 0. This is due to synchrotron self-absorption
effects in the core region. The jet extensions are, however, optically thin, with
α < 0. Similar distributions of spectral index have been found in many other
AGN jets (e.g., Marcaide & Shapiro, 1984; Kovalev et al., 2008) and are well
understood in terms of the standard jet model. We notice that, since the 14.4
GHz images have been over-resolved, there can be artifacts in the spectral-index
distributions shown, especially in the regions close to the lowest contours.

A peculiar case is source 06. The hardest spectrum (i.e., highest spectral in-
dex) is found on the SW component. This would be the “spectral core” of the
source. However, the intensity peak at both 14.4 GHz and 43.1 GHz (i.e., what
we could call the “morphological core”) is located at the NE component. In any
case, a clear result is that the SW emission does show clear signs of synchrotron
self-absorption (being thus more likely close to an AGN central engine) and is
much misaligned to the 43.1 GHz jet extension propagating towards the west from
the NE component. A possible explanation for this morphology could be that the
true core of the jet is the SW component, with the jet propagating towards NE.
The hot spot at NE could be due, for instance, to a strong interaction region of the
jet with its surrounding medium, which would break or re-direct the jet toward
the west (causing the east-west jet extension seen in the 43.1 GHz image of the
NE component). This interpretation, though, would be insufficient to explain an-
other intriguing morphological feature in this source: there is a hint of ring-like
structure in the image at 14.4 GHz, with a diameter of ∼1 mas. This structure
resembles the image at 5 GHz reported by Dodson et al. (2008) from space-VLBI
observations.
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Figure 4.19: Spectral-index distribution of a subset of the S5 polar cap sample
sources (see text). The contours correspond to the 43.1 GHz images, convolved
with a beam of 0.6×0.6 mas FWHM. We notice that the effects of the core-shift
uncertainties (Table 4.3) are not shown in this figure.
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A possible explanation for such a structure might be a mas-size gravitational
lens, although a more complete multi-frequency (and full-polarization) analysis
should be performed to confirm this possibility. Another possibility would be a
strongly bent jet oriented to the line of sight, as is seen in, for example, PKS
2136+141 (Savolainen et al., 2006), although the fact that the ring structure in 06
is unbroken would be difficult to explain in that scenario.

An alternative explanation could be that NE and SW are the cores of different
AGN, so that 0615+820 would be a binary massive black hole. A precise astro-
metric follow-up between NE and SW at high frequencies, together with simul-
taneous observations at lower frequencies (to study the evolution of the spectral-
index distribution) would be required to confirm this possibility.

In Figure 4.20, we show the over-resolved images of source 06 at 15 GHz
for year 2000 (blue contours) and 2010 (red contours), using the NE component
as position reference. We indicate with crosses (of the same contour colors) the
location of the SW component at each epoch. An intriguing shift is seen between
the two epochs, which might be caused by an orbital motion of SW in a binary
massive black hole. In addition, a third weaker component can be seen to the west
of SW in year 2000. A deeper analysis of the binary black hole scenario (and
other alternative explanations) for source 06, using all available VLBI data of this
source, will be published elsewhere.
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Figure 4.20: Images of source 06 at 15 GHz in the year 2000 (blue contours) and
2010 (red contours). The restoring beam is 0.4×0.4 mas and the ten contours
are spaced logarithmically from 5% to 99% of the peak intensities (0.15 and 0.27
Jy/beam for year 2000 and 2010, respectively). The blue and red crosses indicate
the position of the SW component in 2000 and 2010, respectively. The green cross
shows the location of the NE component (set equal in both epochs). A second
component peak west of the SW component in the year 2000 is also shown by a
smaller blue cross.
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4.9 Conclusions

We report on quasi-simultaneous VLBA observations of the S5 polar cap sample
at U and Q bands, performed in December 2010 in phase-referencing mode, using
the FFS capabilities of the VLBA, and compare them to earlier results at U band.
We have performed a high-precision wide-angle astrometric analysis of a com-
plete radio sample, and for the first time in VLBI, we have globally connected the
phase-delays at a frequency as high as 43.1 GHz. Since the delay corresponding
to one 2π phase cycle at this frequency is so short (∼ 23 ps), the Q band probably
marks the observational limit for this astrometric technique, mainly due to the fast
atmospheric variations and the long slewing time of the antennas between scans.
A similar work at higher frequencies (e.g., 86 GHz with a phase cycle of∼ 12 ps),
where the atmospheric conditions vary faster than at lower frequencies, might not
be feasible with the current instrumentation.

Our successful global astrometric analysis at Q band enables us to study the
changes in the source core positions between different epochs (year 2000 at U
band and year 2010 at U/Q bands) and/or between different frequencies (i.e., U
and Q bands). From the inter-epoch analysis, we find that the differences in source
separations among all the source pairs observed in common in the two epochs are
compatible at the 1σ level between both bands. We find a 4.7σ proper motion of
42±9 µas yr−1 between the jet cores of sources 10 and 11 between the epochs
2000 and 2010. For the rest of source pairs, the separations did not change above
2σ .

We have performed a SFPR calibration, from 14.4 GHz to 43.1 GHz, to de-
termine the core-shifts. Only nine of the thirteen sources could be imaged with
this technique and we find typical core-shifts of 0.05− 0.2 mas. From the inter-
frequency analysis in year 2010, we find that the differences in source separations
between U and Q bands are compatible at the 1σ level with those estimated with
the SFPR technique.

We have developed an inter-frequency differential phase-delay analysis (IFDPD)
to study the core-shift effect between the U and Q bands in a way independent of
the SFPR technique. For sources 10, 11 and 18, the IFDPD core-shifts are almost
degenerate (at sub-mas scales) in different directions in the sky, perhaps due to
strong coupling between the parameters associated with the atmosphere (mainly
residual ionosphere) and the CCOs at Q band in the Monte Carlo analysis. This
issue might be leading to unreliable estimates of the core-shift directions for these
sources. For sources 00, 02, 07 and 17 the uncertainties in the IFDPD core-shift
directions are lower. The core-shift estimates of those sources are more accurate
and less affected by atmospheric/CCO effects.
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We have fitted the core emission at U and Q bands to Gaussian intensity dis-
tributions. We find that the position angles of the major Gaussian axes are similar
between the two bands for most of the sources except for some exceptions (sources
02, 07, 10, and 20). This result indicates that a considerable fraction of the total
sample shows rather straight jets. Besides, we have compared the core-shift di-
rections to the core orientations at both bands and we have found that there is
good agreement between the core orientations at U band and the core-shifts, for
the sources with most accurate core-shift estimates (sources 00, 02, 07 and 17).
This is an expected result since the orientation of the Q band core affects less the
core-shift orientation than the orientation of the U band core. On the other hand,
from the analysis of the axis ratio of the core Gaussians at each frequency, we
conclude that at least a fraction of the Q band emission is likely to come from the
concave jet region, where the jet width is not proportional to the distance from the
jet base.

We have presented three different methods to study the core-shift effect and
we conclude that, even though they do not agree in the estimate of the core-shift
directions in some cases, they are all compatible in the absolute values of the core-
shifts. In some cases, the discrepant orientations are due to insufficient informa-
tion for the method used. In other cases, the discrepancies reflect assumptions of
the methods and could be explained by curvatures in the jets and/or departures
from conical jets. However, the absolute values of the core-shifts determined with
all methods presented in this work are of the same order as those predicted by the
statistical study of Kovalev et al. (2008) using a simplified SSA jet model (e.g.,
Lobanov, 1998b), if extrapolated to the whole S5 polar cap sample at U/Q bands.

Finally, we have constructed robust spectral-index maps of the sources. The
spectral-index distributions follow the well-known steepening of the spectrum at
the jet extensions, from an either flat- or inverted-spectrum regions associated to
jet cores. There is one source, 0615+820, that shows a remarkable double struc-
ture at 43.1 GHz (two components, one at northeast, NE, and one at southwest,
SW), having one of them, NE, a prominent jet extension roughly perpendicular
to the NE−SW direction. In this source, the true (synchrotron self-absorbed) jet
core (the SW component) does not correspond to the absolute brightness peak
(NE component). Possible explanations for this intriguing source structure could
be either a strong jet bending at parsec scales from the AGN central engine (due
to interaction with the ISM), a gravitational lens of mas scale, or a binary massive
black hole. The relative astrometry between NE and SW at U band, using image
over-resolution, shows a clear position drift of SW with respect to NE between
years 2000 and 2010, thus supporting the third possibility. A deeper analysis on
this source, using all the available VLBI data, will be published elsewhere.



Chapter 5

Supernova 1987A

Somewhere, something incredible is waiting
to be known.

Carl Sagan

Sunrise in Africa in the Middle Pleistocene. The Earth has suffered nu-
merous glaciations. Homo sapiens has become the dominant specie in the
world. Not too far from our planet, in a “nearby” galaxy 1.5× 1018 (1.5
million million million) kilometers away, a star with the mass of about 20
times the mass of our Sun is about to explode...

In this chapter we introduce supernova SN 1987A. First, we talk about its dis-
covery and the main properties that make this supernova such a particular object.
Then we describe its light curve and evolution over the last three decades. We
analyze the most important emission regions as well as the emission of dust and
molecules from the innermost zones of the remnant. Finally, we conclude the
chapter by presenting some state-of-the-art hydrodynamical models aimed to de-
scribe supernova explosions such as SN 1987A.

For a more detailed description of SN 1987A, we refer the reader to one of the
three reviews published up-to-date: Arnett et al. (1989), McCray (1993), McCray
& Fransson (2016), and references therein.
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Figure 5.1: Hubble Space Telescope (HST) image of SN 1987A within the LMC,
a neighboring galaxy to our Milky Way. The bright ring around the central region
of the exploded star is composed of material ejected by the star about 20,000
years before the actual explosion took place. It is unclear how the two outer rings
formed. Credit: NASA, ESA, R. Kirshner and P. Challis.

5.1 Introduction

Supernova 1987A, or SN 1987A, is one of the most famous objects in the known
universe. Since its first detection on February 23, 1987, this object has fascinated
scientists over the last three decades. Located at the edge of the Tarantula Nebula
in the nearby Large Magellanic Cloud (LMC), only 50 kpc away from Earth, it
is the nearest supernova explosion observed since SN Kepler 1604, a supernova
which occurred in our own galaxy more than 400 years ago. The explosion of the
progenitor star, a blue supergiant (BSG) star with a mas of∼ 18−20 M�, ocurred
only about 168,000 years ago, and the supernova blazed with the power of 100
million suns for several months after its explosion. Luckily, the blast occurred in
a highly-visible region of the southern sky, unobscured by dust, making it possible
to be observed by naked eye, as if a new star had been born (Figure 5.1).
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SN 1987A is a type II-P supernova and the light curve during the first 500
days of the photospheric phase was dominated by optical light. However, given
the absence of a significant plateau phase (see Section 5.2) and the relatively faint
maximum powered by radioactive decay (Fransson et al., 2007), SN 1987A is
considered a peculiar supernova that defines an entirely separate class of SN type
II, which likely make less than ∼ 3% of all core-collapse supernovae (Smartt,
2009).

Because of its early detection and relative proximity to Earth, SN 1987A has
become the best studied supernova heretofore. We have watched it evolve from
a stellar explosion into a supernova remnant in unprecedented detail, using tele-
scopes on the ground and in space.

Among the the numerous findings provided by SN 1987A, we can remark:

• The birth of extra-solar neutrino astronomy. For the first time, neutrinos
from a source different to the Sun were detected, giving further support to
the theory of core-collapse explosions.

• Direct observation of the progenitor star on archival photographic plates. A
blue supergiant was identified as the progenitor star, contrary to expecta-
tions in which the exploding star was considered a red supergiant.

• Signatures of a non-spherical explosion and mixing in the ejecta. Classic
models of spherical explosions were no longer valid.

• Direct observation of supernova nucleosynthesis, including accurate mass
measures of radioactive elements such as 56Ni, 57Ni, and 44Ti.

• Observation of the formation of dust in the supernova remnant.

However, despite all this progress, a lot of mysteries remain uncovered in SN
1987A. Large departures from spherical or even cylindrical symmetry in both the
SN debris and the circumstellar matter still lack satisfactory explanations. It is
known that the neutrino burst was an evidence of the core-collapse and that a
compact object must be formed. That object is most likely a neutron star, but it is
possible that continued infall triggered a further collapse to a black hole, although
this scenario seems much less plausible. However, except for the neutrino pulse,
no evidence has yet appeared for the compact object that must have formed in the
core collapse. Even more mysterious is the distribution of circumstellar matter
beyond the triple-ring system (Figure 5.1) detected through echoes of the SN light
reflected by dust grains in interstellar space. SN 1987A has been a cornerstone
for our understanding of the Universe, particulary in the field of supernova explo-
sions. Over the last 30 years has provided us a lot of amazing discoveries, and it
will surely keep doing so in the coming years...
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5.1.1 SN 1987A: an exciting discovery

There was nothing special in the night of February 23-24, 1987, in Las Campanas
Observatory (Chile). It was like any other. Astronomers from all over the world
were preparing for another night of scheduled observations, and nothing was to in-
dicate what was about to come. That night, astronomer Ian Shelton was observing
stars in the LMC. As Shelton was studying a panoramic photographic plate taken
with a 10-inch astrograph, he noticed a bright object that he initially thought was
a defect in the plate. When he developed the plate he immediately noticed a bright
(about 5th magnitude) star where there should not have been one. Shelton walked
outside the observatory, looked into the night sky, and he saw that new misterious
light by naked eye...

At about the same time, Oscar Duhalde, a telescope operator, stood outside the
observatory looking that clear night sky. Suddenly, he also spotted that “new star”
visually. Shelton showed the plate to other astronomers at the observatory, and
then they realized the object was the light from a supernova, in fact, the brightest
extragalactic supernova in history.

A third independent sighting came from Albert Jones, an amateur observer and
AAVSO (American Association of Variable Star Observers) member, in Nelson,
New Zealand. Jones swung his 0.3-meter telescope for a look at the three variable
stars he was studying in the LMC. He noticed that there, in the same viewing field,
there was a very bright blue star that did not belong. Jones got his star charts out
and noted the position of the new star relative to other stars. Unfortunately, clouds
rolled in before he could determine a magnitude estimate so he alerted other ob-
servers. Later, the clouds broke and Jones was able to estimate a magnitude of
5.1. Not knowing if other observers were clouded out, he continued observing the
supernova for another 4 hours. His perseverance provided critical early coverage
of the supernova.

The next morning, the astronomers in Chile had to notify the astronomical
community of the discovery. There was not internet back in 1987, so Shelton
went down the mountain to the nearest town and sent a message to the Central Bu-
reau for Astronomical Telegrams of the International Astronomical Union (IAU),
a service used to announce astronomical discoveries and keep astronomers update
of the latest discoveries and developments. Shortly after the supernova was an-
nounced, news spread rapidly through the astronomical community, and literally
every telescope in the southern hemisphere started observing this exciting new
object. As the first supernova spotted in 1987, this one was officially named as
SN 1987A. The close proximity and early detection of SN 1987A make it by far
the best studied supernova in history.
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5.1.2 A first sign: the neutrino burst
About 2-3 hours before the first photons from SN 1987A arrived to Earth, still on
February 23, a very rare event was noticed. A "storm" of neutrinos was registered
during a short∼ 13 second interval by three separate ground-based detectors. The
Kamioka Nucleon Decay Experiment (Kamiokande II), lying deep in the Kamioka
zinc mine under the Japanese Alps, and the Irvine-Michigan-Brookhaven detector
(IMB), in the Morton-Thiokol salt mine near Fairport (Ohio, USA), are two mas-
sive pools of dark water designed to detect flashes of light from decaying protons.
At 7h 35m 35s (Greenwich time) on February 23, about two hours before optical
light was observed from SN 1987A, the walls of the Kamioka detector registered
that 12 neutrinos had smashed into the water pool detectors and that they had pen-
etrated the Earth from the direction of the LMC. Since the LMC is only visible
from the southern hemisphere, this meant that the neutrinos passed through the
Earth before they were detected.

Of the 12 neutrinos seen by Kamiokande II, 9 were spread over 2 seconds,
while the remaining 3 arrived 9 to 12 seconds after the first neutrino (see Figure
5.2). At the same time, 8 more neutrinos hit the Morton-Thiokol mine. Of the 8
neutrinos seen by IMB, 6 arrived over 2.5 seconds, and 2 arrived 5 seconds after
the first. A third neutrino detector, the Baksan Neutrino Observatory, located in
the North Caucasus Mountains of Russia, under Mount Andyrchi, also recorded
the arrival of 5 more neutrinos. Of the 5 neutrinos seen by Baksan, 3 arrived over
2 seconds while 2 arrived 8 and 9 seconds after the first. Thus, a "flare" of 25
neutrinos in total was detected almost simultaneously. This may seem like a little
sum if we consider the total 1058 neutrinos predicted to be released from this type
of supernova, but it was indeed an extraordinary finding that would mark the birth
of extra-solar neutrino astronomy.

Neutrinos are elusive particles of very small mass and very high energy, which
are produced in huge quantities in the supernova explosion of a massive star.
When a massive star consumes all of its thermonuclear fuel and becomes grav-
itationally unstable, it collapses until the degeneracy pressure exerted by protons
and neutrons halt the collapse, creating a neutron star. This sudden halt converts
the kinetic energy of the core into heat that is trapped inside the neutron star. This
heat is radiated out of the core as neutrinos.1

The number of neutrinos detected from the supernova translates into a total
neutrino energy in neutrinos of ∼ 3× 1053 ergs, which is 16% of the rest mass
energy of a 1.4 solar mass core, a value that is consistent with theory. Despite
the brilliance of a core-collapse supernova, the light we see is only a tiny frac-

1For a deep discussion and detailed analysis of the neutrino burst and the core-collapse super-
nova explosions, see Arnett et al. (1989), where they review the observations made during the first
two years after the discovery of the event.
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Figure 5.2: Detected neutrinos from SN 1987A at three different observatories.

tion of the total energy released in the explosion, and most of the energy escapes
the exploding star as neutrinos. This was the first time neutrinos emitted from a
supernova had been observed directly, and the observations were consistent with
theoretical supernova models in which 99% of the energy of the collapse is radi-
ated away in neutrinos. The fact that there was no structure in the neutrino burst
indicated that they came from the collapse to a neutron star, but no further collapse
to a black hole occurred. However, no signal from a compact object has been de-
tected since the neutrino burst. On the other hand, from these observations, a
maximum neutrino mass of 1/30,000 of the electron mass, as well as some other
properties, could be inferred.

The first detection of neutrinos from a celestial object other than the Sun was
certainly a great achievement, and in recognition for this, the japanese physicist
Masatoshi Koshiba was awarded the Nobel Prize in Physics in 2002 (shared with
Raymond Davis Jr. for the study of solar neutrinos and Riccardo Giacconi for
X-ray astronomy).



5.1. Introduction 93

Figure 5.3: SN 1987A in the Tarantula Nebula after the explosion (left) and before
the explosion (right). Credit: David Malin, Australian Astronomical Observatory
(AAO).

5.1.3 The progenitor star

The day after the discovery, the astrophysicist Robert McNaught provided the
first confirmation of the position of SN 1987A using the Aston Hewitt Satellite
Schmidt camera at the Siding Spring Observatory (SSO, Australia). A few days
later, the progenitor star was identified: it was the blue supergiant Sanduleak−69◦

202 (see Figure 5.3).
Like all blue supergiants, it was a extremely luminous star, with an absolute

visual magnitude of −6.3, but it was too faint to be seen with the naked eye,
having at 50 kpc distance an apparent visual magnitude of 12.2, which is roughly
at the limit of the largest portable telescopes. Because of its high luminosity, it was
regularly observed, with the last observation occurring about 5 hours before the
neutrino burst released by the supernova arrived to Earth. Three more observations
were made in the following 6 hours. Subsequent observations, made less than 24
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hours after the neutrino burst, finally alerted the astronomical community that a
supernova had occurred. The blue supergiant increased its brightness from 12th
magnitude to 6th magnitude, a factor of 250 in power radiated as visible light, in
the first three hours after the neutrino burst.

Years later, once the supernova faded and the supernova shell expanded suffi-
ciently to become transparent, astronomers confirmed that Sk−69◦ 202 no longer
existed. The progenitor star had a mass of ∼ 18−20 M� (Smartt, 2009) and was
spectroscopically classified as a B3 I star (Arnett et al., 1989). This was an unex-
pected identification, because at the time a BSG was not considered a possibility
for a supernova event in existing models of high mass stellar evolution. Instead,
everyone expected that the exploding star would be a red supergiant (RSG). Stars
with initial masses in the range 8−25 M� should end their nuclear burning lives
as a RSG, i.e., with an hydrogen envelope that gives rise to the extended plateau
emission. The fact that the progenitor of SN 1987A exploded as a BSG implies
that the RSG evolved back to a BSG before the explosion (Woosley et al., 1988;
Crotts & Heathcote, 2000). For a time, astronomers thought that Sk −69◦202
might be just a foreground star and that a RSG lurked behind it. But the two-hour
delay between neutrino detection and the optical outburst was consistent with the
relatively small radius appropriate to a B3 I star.

5.1.4 The lady of the rings
The first images of SN 1987A taken with the ESA Faint Object Camera of the
HST on August 23-24, 1990, showed an inner circumstellar ring in the supernova
remnant, later known as the equatorial ring (ER). Nino Panagia of the Space
Telescope Science Institute compared the angular size of the ring to the time delay
between the supernova flash and the strongest emission from the ring. In this
way, he was able to make a direct geometric measurement of the distance to the
supernova (and thus the LMC), as well as an estimate of the inclination of the ring
with the line of sight. The distance was 166,000 light-years with an uncertainty of
6% (Panagia et al., 1991). This independent distance determination to the LMC
provided an exciting new check on determining cosmological distances.

Later in 1994, the HST revealed the existence of two fainter outer rings, which
extended like mirror images in a hourglass-shaped structure (Figures 5.4 and 5.5).
The outer rings were roughly coaxial with the inner ring, but not coplanar. They
had radii about three times that of the inner ring and were displaced by ∼ 1.3
light-years above and below the ER. This was a big surprise since at that time a
typical supernova remnant was considered as a simple spherical shell centered at
the point of the explosion.



5.1. Introduction 95

Figure 5.4: Artistic impression of SN 1987A. The image shows the different el-
ements present in SN 1987A: two outer rings, one inner ring and the deformed,
innermost expelled material. Credit: L. Calçada, ESO.2

We now know that the rings are inner rims of dense regions of gas from the
stellar winds of the progenitor star that glow because they were ionized by the
flash of extreme ultraviolet (UV) and soft X-rays that lasted a few hours after the
SN blast wave emerged from the photosphere of the progenitor star. The inner ring
is in the equatorial plane of the exploding star, has a radius of 0.8 arcsec (∼ 0.6
ly), and is inclined by about 43◦with the northern part closer to us (Jakobsen et
al., 1991; Tziamtzis et al., 2011). The ring is expanding with a radial velocity of
∼ 10.3 km s−1. Thus, assuming a constant expansion velocity, it is easy to infer
that the gas in the ring was expelled by the progenitor star about 20,000 years
before the explosion.

Even today, the origin of these rings is still a mystery, and a variety of expla-
nations have been proposed. Rapid rotation of a single star, or powerful magnetic
fields could have directed gas from an eruption into a loop around the progenitor
star. Morris & Podsiadlowski (2007, 2009) presented three-dimensional hydrody-
namical simulations in which the mass ejection associated with a merger of two
massive stars reproduced the properties of the triple-ring nebula surrounding the
supernova (Figure 5.5).

2https://www.eso.org/public/unitedkingdom/images/eso1032a/?lang

https://www.eso.org/public/unitedkingdom/images/eso1032a/?lang
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Figure 5.5: Left: Rings produced by a computer model of a stellar merger. Credit:
Morris & Podsiadlowski (2007). Right: The SN 1987A triple-ring structure im-
aged with the HST in 1994. The rings are dense regions in the stellar wind that
were ionized by ultraviolet radiation from the supernova. The supernova remnant
is the bright dot at the center. The two bright stars in the top-right and bottom-left
are not associated with the supernova. Credit: C. Burrows (ESA/ STScI), HST,
NASA.3

However, although the merger scenario appears as a plausible explanation for
the origin of the triple-ring system, the matter is not yet fully understood.

3This image was the Astronomy Picture of the Day (APOD) on July 5, 1996. https://apod.
nasa.gov/apod/ap960705.html

https://apod.nasa.gov/apod/ap960705.html
https://apod.nasa.gov/apod/ap960705.html
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5.2 Light curve and evolution4

A detailed analysis of the SN light curve (Figure 5.6) and the evolution of the
remnant is made in this section. The dates given should be considered as approx-
imate dates as they sometimes depend on the consulted bibliography. In Figure
5.7 some of the most relevant events after the first 10,000 days after the supernova
explosion are outlined.

• Day 0− 30: About four weeks after the explosion, the supernova light
curve was powered by the radioactive decay of freshly synthesized 56Ni
(t56 = 111.3 days). The total amount of 56Ni mass was estimated to be
0.069± 0.003 M�(Bouchet et al., 1991; McCray & Fransson, 2016) and
the radioactive decay chain 56Ni → 56Co → 56Fe deposited energy in the
debris until about 500 days. One month after the explosion, using images
reconstructed through speckle interferometry, it was detected a source of op-
tical emission displaced from the supernova center by 0.06 arcsec (Nisenson
et al., 1987). The nature of this so-called “mystery spot” remains unclear,
but it was a strong indication of broken symmetry, which was also detected
in polarization observations.

• Day ∼ 80: About 80 days after explosion, ultraviolet (e.g., NV , NIV],
NIII], CV , CIII], HeII) and optical (e.g., Hα) lines were detected. These
lines could not possibly come from the fast moving ejecta and were quickly
recognized as originating from material outside the supernova, which was
ionized by the soft X-rays from the shock breakout. A temperature of∼ 106

K at the shock breakout could be estimated from the high ionization of these
lines.

• Day 100− 200: Only a few months after the explosion, vibrational lines
of CO and SiO were detected. Analysis of these bands (Liu et al., 1992;
Liu & Dalgarno, 1994) indicated that these molecules had masses MCO=
10−3 M� (Liu et al., 1992) and MSiO= 10−3 M� (Liu & Dalgarno, 1994),
respectively. Furthermore, when first detected, at t = 192 days, the CO had
a temperature TCO= 4000 K, which dropped to TCO= 1800 K at t = 377
days. The presence of these molecules within the ejecta was difficult to
explain. The formation of molecules required that they be protected from
the UV and X-rays in the harsh environment of the ejecta.

4Most of the content presented in the following sections has been extracted from Fransson
& Kozma (2002), Kjær (2007), Fransson et al. (2007), Larsson et al. (2011), Zanardo (2014),
McCray & Fransson (2016), and Spyromilio et al. (2017).
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Figure 5.6: SN 1987A light curves. Solid curves are debris: green, radioactive deposition (Fransson & Kozma, 2002;
Jerkstrand et al., 2011; Boggs et al., 2015); violet, far-IR (McCray, 1993; Matsuura et al., 2015); and cyan, optical (McCray,
1993; Larsson et al., 2011; Jerkstrand et al., 2011). Dashed curves are the equatorial ring: pink, radio (3-20 cm) (Manchester
et al., 2002; Zanardo et al., 2010, 2014; Ng et al., 2013); green, X-rays (0.5−3 keV) (Hasinger et al., 1996; Burrows et al.,
2000; Frank et al., 2016); red, UV/optical (Lundqvist & Fransson, 1991; Matilla et al., 2010; Fransson et al., 2015); and
gold, near-IR (5−30 µm) (Dwek et al., 2008, 2010). Credit: McCray & Fransson (2016).
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This also contrasted with the observations of the characteristic γ-rays at
847 keV and 1.238 MeV from the 56Co decay. The X-rays from Compton
scattering of the γ-rays and their emission peaked after about 200 days and
slowly declined thereafter as the number of 56Co nuclei decayed away. The
appearance of X-rays and gamma rays earlier than predicted indicated that
some of the newly synthesized 56Co had penetrated into the hydrogen outer
layer of the ejecta (McCray, 1993). The presence of molecules was a clear
sign that there were regions which could cool down significantly, while at
the same time the radioactive material from the core had to be transported
towards the surface to become observable. Evidence for large-scale asym-
metry in the ejecta also emerged within a few months of the explosion.
Fine structure appeared in the profile of Hα (Hanuschik & Thimm, 1990),
indicating inhomogeneities in the emission by hydrogen expanding with ve-
locities ∼ 4500 km s−1. This phenomenon, known as the “Bochum event”,
was the signature of a radioactive blob rising from the inner ejecta to the
surface.

• Day 400− 500: At about 400 days after the explosion, the luminosity of
the ring (Figure 5.6) increased to a maximum (Fransson et al., 1989; Son-
neborn et al., 1997), which is the time when the ionizing flash illuminated
the side of the ring furthest from the observer. Thereafter, the luminosity
faded owing to recombination and radiative cooling. For the first 500 days
the bolometric light curve was dominated by optical light and the spectrum
was thermally dominated.

• Day ∼ 500: A crucial change occurred in the light curve and spectrum of
the remnant at about 500 days after the explosion. The optical light rapidly
dropped below the 56Co decay luminosity while a far-infrared (FIR) con-
tinuum appeared. The combined luminosities of the optical light, the FIR
continuum, and the escaping γ-rays continued to track the exponential de-
cay of 56Co. This change was due to the formation of dust grains within the
debris, which absorbed the optical and near-infrared (NIR) radiation. The
dust grains had a temperature of ∼ 600 K (McCray, 1993). Thus, infrared
wavelengths gained in importance as more and more radiation was emit-
ted at longer wavelengths. The bolometric light curve started to become
dominated by long-wavelength radiation and the inclusion of this spectral
range became more and more important. The 56Ni → 56Co → 56Fe decay
chain could be observed directly in the changing line ratios of the NIR Co
and Fe lines. At the same time the NIR [Fe II] lines dropped dramatically
as the ejecta cooled below the temperature to excite these lines, a signa-
ture of the infrared catastrophe predicted by modelers (Spyromilio & Gra-
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ham, 1992). Macroscopic dust grains which partially covered the ejecta, and
hence blocked some of the light, had formed. The radiation was absorbed
in the optical spectrum and shifted to the FIR.

• Day ∼ 1000−2000: After about ∼ 1100 days after the explosion, the main
energy input to the supernova ejecta came from radioactive decay of long-
lived 57Co as predicted by Pinto et al. (1988), Woosley et al. (1989) and
Hashimoto et al. (1989).

• Day ∼ 1200: After about 1200 days the decline of the light curve started
to slow down because of the 57Co (∼ 0.001 M�). The time scale for re-
combination and cooling in the supernova envelope became comparable to
the expansion time scale, i.e., some of the “stored” energy was finally re-
leased. This was called “freeze-out” as the ejecta were no longer in thermal
equilibrium and detailed time-dependent calculations had to be performed.

• Day & 2000: After about 7− 8 years after the explosion the energy in-
put of the supernova became dominated by the decay of 44Ti (t44 = 85
years). The radioactive energy was deposited in the debris by fast (596
keV) positrons from the prompt decay of 44Sc, which decays from the 44Ti.
The 44Ti mass of M44 = 10−4 M� estimated by Woosley et al. (1989) and
Hashimoto et al. (1989) was confirmed with the detection by the INTE-
GRAL (Grebenev et al., 2012) and NuSTAR (Boggs et al., 2015) observa-
tories of 67.9 keV and 78.4 keV hard X-ray lines, respectively, emitted as
a result of the decay of 44Ti. The mass of 44Ti inferred from the NuSTAR
observation was M44 = (1.5± 0.3)× 10−4 M�, which is significantly less
than the value M44 = (3.1± 0.8)× 10−4 M�, inferred from the earlier IN-
TEGRAL observation. Combining Very Large Telescope (VLT) and HST
spectra with time-dependent non-local thermodynamic equilibrium (non-
LTE) radiative transfer calculations, Jerkstrand et al. (2011) estimated a
44Ti mass of M44 = (1.5± 0.5)× 10−4 M�, which is also consistent with
the NuSTAR observation.

• Day∼ 2900: About 8 years after the explosion, the first "hot spot" appeared
in the ring (Sonneborn et al., 1998; Lawrence et al., 2000). X-ray spectra
obtained with Chandra provided evidence that the optical hot spots and the
X-ray producing gas were due to a collision of the outward-moving super-
nova shock wave with dense fingers of cool gas protruding inward from the
circumstellar ring. These fingers were produced long ago by the interaction
of the high-speed wind with the dense circumstellar cloud.
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• Day ∼ 5000: A new phase in the energy budget started at about day 5000.
Up to this epoch the luminosity of the ejecta had decreased slowly owing
to the 44Ti decay. Photometry in the R and B bands with HST, however,
showed that after this epoch the luminosity increased steadily by a factor of
3−4 at 10,000 days (Larsson et al., 2011). Evidently, X-rays from the ring
interaction absorbed and thermalized by the ejecta now contributed more
to the optical luminosity than the 44Ti decay. Adding up the radioactive
contribution and a fraction of ∼ 5% of the X-ray luminosity yields a qual-
itative agreement with the optical light curves. This change may be re-
garded as marking a transition to the remnant phase, when the luminosity
is dominated by interaction rather than radioactive input. At the same time
the optical morphology changed from centrally dominated emission to a
horseshoe-like shape (Fransson et al., 2013). One finds that X-rays with en-
ergy of 2 keV can penetrate into the metal core of the ejecta. At this point,
the photoelectric absorption by the metals becomes large enough to shield
most of the core from the X-rays. It is therefore mainly the hydrogen and
helium envelope that is affected by the X-rays. This accounts for the change
of morphology of the ejecta in the X-ray-dominated phase.

• Day ∼ 8500: In 2010 the Herschel satellite observed the supernova in the
FIR and detected an enormous excess of emission longward of 100 µm
(Matsuura et al., 2011). Contemporaneously, Lakićević et al. (2012) used
APEX to detect emission from the supernova at 300 and 870 µm. Com-
bining the flux with models of dust, Matsuura et al. (2011) concluded that
between 0.1 and 1 M� of dust formed in the supernova.
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Figure 5.7: Evolution timeline of SN 1987A for the first 10,000 days.
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5.3 Emission sites

Figure 5.8 shows two distinct illustrations of the different emission sites of SN
1987A. An explanation of these illustrations based on the color scheme from the
figure at the top is given here, although the same description with very similar
colors is also valid for the figure at the bottom. The innermost part (blue) rep-
resents the cool ejecta, with the nucleosynthesis products and the internal dust.
They are surrounded by the freely expanding outer envelope of the SN composed
mostly of hydrogen and helium. This envelope is suddenly decelerated at a reverse
shock (the blue-dark yellow interface) where the gas is heated to temperatures of
∼ 106− 107 K (yellow). The shocked envelope drives a forward shock or blast
wave (bright yellow) into the ER (red), which consists of slowly expanding gas
that was photoionized by the ionizing flash from the initial SN shock breakout,
and by fingers of relatively dense and cool gas (white). As the blast wave over-
takes these “hot fingers”, transmitted shocks give rise to soft X-ray and optical
emission, manifested as hot spots, while reflected shocks heat and compress the
debris further and give rise to a higher temperature component of X-ray emission.

As it is clear from Figure 5.8, the supernova remnant consists of various emis-
sion sites with different emission mechanisms. We explain in the following the
main emission sites: the ejecta, the ring, and the shocks.

5.3.1 The ejecta

In the center of the equatorial ring sit the inner ejecta, i.e., the visible remains
of the supernova itself (see Figure 5.8). Due to the radioactive decay of 44Ti,
the ejecta have faded since the explosion time through 2001 (day ∼ 5000, see
Figure 5.7). It then started to brighten again, as the result of X-ray heating via
the interaction with the reverse and reflected/inbound SN shocks (Larsson et al.,
2011). These X-rays are mainly absorbed in the hydrogen rich envelope while the
metal core is still powered by decay of 44Ti. The equatorial ring optical emission
has become increasingly brighter, and the ring has been outshining the ejecta since
∼ 1998, with emission sites being brighter on the western side. The inner ejecta
have been expanding at ∼ 2000− 3500 km s−1(Kjær et al., 2010; Larsson et al.,
2013) and changing shape over time. The ejecta shape is not only determined by
the distribution of radioactively heated inner debris, but also by the distribution
of interior dust clouds, which likely obscure most of the actual optical and NIR
emission (McCray, 2007).
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Figure 5.8: Illustration of the emission sites of SN 1987A. Credits: (top)
NASA/CXC/M.Weiss; (bottom) NASA, ESA and A. Feild (STScI).5

5http://hubblesite.org/newscenter/archive/releases/2007/10/image/i/

http://hubblesite.org/newscenter/archive/releases/2007/10/image/i/
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The ejecta optical morphology has evolved from a roughly elliptical shape up
to day ∼ 5000, to an irregular north-south elongated shape (Kjær et al., 2010;
Larsson et al., 2013), mostly extended along PA ∼ 15 ◦, with a “hole” in the
middle (Larsson et al., 2011), which has been interpreted as a high-density re-
gion filled with non-H emitting material (Larsson et al., 2013). Both the ejecta
elongation and velocity asymmetry in the Hα emission point to a non-spherical
anisotropic distribution of the supernova debris and, thus, to a non-symmetric
explosion mechanism (Kjær et al., 2010). The H and He-rich ejecta has been ex-
panding above and below the equatorial ring plane (Fransson et al., 2013), while,
consistently with the inclination of the equatorial ring, the Hα and [Si I]+[Fe II]
emission from the northern parts is blueshifted and appears more redshifted in the
southern sites (Larsson et al., 2013).

5.3.2 The equatorial ring

Surrounding the inner ejecta, the equatorial ring shines as a result of the shocked
gas. When the fastest ejecta, moving at ∼ 10% of the speed of light, reached the
ring, the shocked gas started to emit brightly at wavelengths ranging from radio
to X-ray. We now know, from observations of the impact of the blast wave with
the ring, that the ring is not uniform, but consists of some thirty hotspots of high-
density gas protruding inward from a substrate of lower density gas. The ring
was illuminated by the ionizing flash, and hence most of the narrow line emission
comes from the hotspots. Recently, observations from HST have been used to
show that the ring is beginning to suffer from the effects of the ejecta colliding
into it (Fransson et al., 2015), and starting to be destroyed. A simple extrapolation
estimates that this destruction process will be completed by ∼ 2025. However,
new spots of emission outside the ring have appeared and continued observations
may yet provide surprises about the surrounding structure.

We will have a splendid opportunity to watch in real time how a shock wave
with well-defined characteristics impinges and reveals a hidden structure (both in
density and composition).

5.3.3 The shocks

Early models of Type II SNRs (e.g., Chevalier, 1982) show that when the super-
nova shock wave expands into the circumstellar material a double shock structure
forms, consisting of a forward shock, which propagates outward into the circum-
stellar gas (also known as blast wave or shock front), and a reverse shock, which
is formed by the supernova ejecta hitting the decelerated medium behind the for-
ward shock. While the forward shock moves through the ring accelerating the
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ring material, the reverse shock is formed against slower and denser regions of
the supernova ejecta (see Figure 5.8). Between the two shocks, reflected shocks
form due to the forward and reverse shocks colliding with the dense circumstellar
material.

5.4 Dust and molecules

5.4.1 Dust emission
The Spitzer Space Telescope observed the supernova out to 30 µm and detected
the presence of warm dust. Observations with the Gemini South telescope and the
VLT in the 10 µm band showed that the thermal infrared emission comes from
the equatorial ring. As mentioned in Section 5.2, in 2010 Herschel detected a
huge excess of emission longward of 100 µm (Matsuura et al., 2011). Lakićević
et al. (2012) used APEX to detect emission at 300 and 870 µm. Combining the
flux with models of dust, Matsuura et al. (2011) finally concluded that between
0.1 and 1 M� of dust formed in the supernova. Given the angular resolution of
Spitzer and Herschel, the location of the cold dust remained uncertain. Observa-
tions in 2013 with ALMA at 1 mm and 450 µm at an angular resolution of ∼ 0.5
arcseconds proved the unambiguous association of the cold dust with the inner
ejecta of 1987A (see Figure 5 in Indebetouw et al., 2014). The mass estimate
of the dust, however, remains “stubbornly high”, above 0.5 M� (Matsuura et al.,
2015). If the dust were to survive its pass through the reverse shock, then core-
collapse supernovae might be a significant contributor to the dust budget in the
early Universe.

5.4.2 Molecular emission
The ALMA spectra provided further research excitement because, in addition to
the dust observations, they revealed strong molecular emission from CO 2−1 and
SiO 5− 4 transitions. Combined with a detection by Herschel of the CO 6− 5
and 7− 6 transitions, the temperature and mass determination could be refined
by Kamenetzky et al. (2013). They found the temperature of the CO to be likely
< 100 K. It follows that the mean molecular velocity of the emitting gas, cS ∼
(kT/µ)1/2 < 0.2 km s−1, is far less than the typical expansion velocity of the
debris, the emission lines of which have FWHM ∼ 2000 km s−1. The Doppler
shift enables one to infer the structure of the debris in three dimensions from
observations of images of emission lines.
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Figure 5.9: ALMA spectrum of SN 1987A showing bright emission lines from
CO (J = 2−1), SiO (J = 5−4, 6−5, 7−6), and a blend of CO (J = 3−2) and
SiO (J = 8−7). Note central dips in SiO profiles, which are not prominent in CO
profiles. The black curve denotes typical atmospheric transmission at the ALMA
site. Credit: SN 1987A ALMA collaboration.

A good example of this technique was provided by Kjær et al. (2010) and
Larsson et al. (2013), who mapped the debris with the SINFONI (Spectrograph
for INtegral Field Observations in the Near Infrared) instrument of the VLT. With
the commissioning of the ALMA, we have a new window on the inner debris. Un-
like optical or NIR radiation, millimeter/submillimeter radiation is not absorbed
by dust grains. Kamenetzky et al. (2013) observed SN 1987A in early science
observations with a partial (14− 18 dishes) array in a compact (400m maximum
baseline) configuration and found surprisingly strong emission lines from rota-
tional transitions of CO (1−0, 2−1, and 3−2) and SiO (5−4, 6−5, 7−6, and
8−7) (see Figure 5.9).

They found that the CO has a minimum mass MCO > 0.01 M� and tempera-
ture TCO = 10− 100 K. This mass is at least an order of magnitude greater than
that inferred from the vibrational lines during the first years, ∼ 10−3 M�(Liu et
al., 1992). However, it remains to be seen whether this is the same CO that was
detected at 2000 K and 2000 km s−1 during the first year of the supernova or
represents newly formed CO.

Even without resolving the debris, observations with the ALMA already gave
us evidence that the spatial distribution of SiO differs from that of CO. The line
profiles are different. Moreover, the SiO line profiles have a “dip” at their centers.
This was clear evidence for departure from spherical symmetry in the distribution
of SiO. The ALMA early science observations had angular resolution of ∼ 1 arc-
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sec, which was sufficient to demonstrate that the CO emission originates in the
inner debris of SN 1987A, but not sufficient to resolve the debris.

Now, with the array operating at its maximum baseline, ALMA has been able
to resolve the CO (2− 1) and SiO (5− 4, 6− 5) emission with angular resolu-
tion of ∼ 0.04 arcsec, which is comparable with the HST. With that resolution,
ALMA has seen the kind of structure in the debris predicted in 3D hydrodynamic
simulations of supernova explosions (see Chapter 6).

5.5 Hydrodynamical models

The computational modeling of supernova explosions has experienced enormous
progress over the last decades with improved numerical methods, input physics,
computational accuracy, and dimensionality. The simulations were initially per-
formed in spherical symmetry (1D), then since the 90’s also in two dimensions
(2D), and in recent years in full 3D. However, despite many generations of ever
improving simulations, the physical processes that cause the explosion are not yet
fully understood (see Janka, 2012; Burrows, 2013; Janka et al., 2016, for recent
reviews).

For the vast majority of normal core-collapse SNe (CCSNe) the delayed neutrino-
driven mechanism (Wilson, 1985; Bethe & Wilson, 1985) is widely considered
as the most likely explanation. Current state-of-the-art simulations of neutrino-
driven CCSNe explosions predict that hydrodynamic instabilities play a crucial
role that leads to the ejection of the stellar mantle and envelope of exploding
massive stars (e.g., Janka, 2012). 3D simulations have also achieved to follow
neutrino-driven explosions continuously from the initiation of the blast wave,
through the shock breakout from the progenitor surface, into the radioactively
powered evolution of the SN, and towards the free expansion phase of the emerg-
ing remnant.

In particular, Hammer et al. (2010) and Wongwathanarat et al. (2015) have
made 3D calculations from the core collapse up to the shock breakout. The authors
of the latter paper find that the initial structure is significantly affected by the
reverse shock and by the asymmetries resulting from the neutrino heating (see
Figure 5.10). These authors also find that the structure is sensitive to whether the
progenitor is a compact BSG, like that of SN 1987A, or a RSG. In the former case,
they also find significant differences between a 15 M� and a 20 M� progenitor,
which is probably related to the different density gradients in the inner core. Their
models are only calculated up to less than a day and do not include the heating
from the 56Ni decay, which may appreciably change the hydrodynamic structure
(e.g., Woosley et al., 1988; Herant & Benz, 1991).
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Figure 5.10: Isocontours of the 56Ni distribution for model W15 (top row), L15
(second row), N20 (third row), and B15 (bottom row). The isosurfaces, which
roughly coincide with the outermost edge of the neutrino-heated ejecta, are shown
at four different epochs starting from shortly before the SN shock crosses the
C+O/He composition interface in the progenitor star until the shock breakout time.
The colors give the radial velocity (in units of km s−1) on the isosurface, with the
color coding defined at the bottom of each panel. In the top left corner of each
panel it is shown the post-bounce time of the snapshot and in the bottom left corner
a yardstick indicating the length scale. The negative y-axis is pointing toward the
reader. Distinct differences in the final morphology of the nickel-rich ejecta of
all models, which arise from their specific progenitor structures, are noticeable.
Credit: Wongwathanarat et al. (2015).
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Direct comparisons of simulations with observations of SNe and SNRs in
order to derive constraints on the explosion mechanism have been already per-
formed. As an example, it has been shown that predictions based on hydrody-
namic instabilities and mixing processes associated with neutrino-driven explo-
sions yield good agreement with measured neutron star (NS) kicks, light-curve
properties of SN 1987A and asymmetries of iron and 44Ti distributions observed
in SN 1987A (Janka et al., 2017).

One of the observational probes of the explosion mechanism is the distribution
of abundant elements, like C, O, and Si, as well as the morphology of the ejecta.
In order to better constrain the explosion physics, we compare in the next chapter
the first 3D maps of CO/SiO of SN 1987A from ALMA observations with the
explosion models presented in Wongwathanarat et al. (2015). Their simulations
covered the evolution only from 11− 15 ms to 1.1− 1.4 s after core bounce. In
our case, the 56Ni heating has been also included in the comparison in order to
follow the simulations up to about 150 days.

The explosion models considered are W15, L15, N20, and B15. W15 denotes
the 15 M� RSG model s15s7b2 of Woosley & Weaver (1995), L15 a 15 M� RSG
model evolved by Limongi et al. (2000), N20 a 20 M� BSG progenitor model
for SN 1987A by Shigeyama & Nomoto (1990), and B15 a corresponding 15 M�
BSG model by Woosley et al. (1988). The BSG models have a shallower density
profile at the H/He interface than the RSG models and differ significantly in the
C+O core mass (N20 ∼ 3.8 M� versus B15 ∼ 1.7 M� ).



Chapter 6

Tomography of the SN 1987A ejecta

Science is built up of facts, as a house is
with stones. But a collection of facts is no
more a science than a heap of stones is a

house.

Henri Poincaré

This chapter essentially contains what appeared published in The Astrophysical
Journal Letters, 842, L24 (2017), entitled Very Deep Inside the SN 1987A Core
Ejecta: Molecular Structures Seen in 3D.
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Abstract

Most massive stars end their lives in core-collapse supernova explosions and en-
rich the interstellar medium with explosively nucleosynthesized elements. Fol-
lowing core collapse, the explosion is subject to instabilities as the shock propa-
gates outwards through the progenitor star. Observations of the composition and
structure of the innermost regions of a core-collapse supernova provide a direct
probe of the instabilities and nucleosynthetic products. SN 1987A in the Large
Magellanic Cloud (LMC) is the only supernova for which the inner ejecta can
be spatially resolved before it is affected by interaction with the surroundings.
Our observations of SN 1987A with the Atacama Large Millimeter/submillime-
ter Array (ALMA) are of the highest resolution to date and reveal the detailed
morphology of cold molecular gas in the innermost regions of the remnant. We
have determined the 3D distributions of the emission of carbon monoxide (CO)
and silicon monoxide (SiO). The 3D distributions differ, but both have a central
deficit, or torus-like distribution, possibly a result of radioactive heating during
the first weeks (“nickel heating”). The size scales of the clumpy distribution are
compared quantitatively to models, demonstrating how progenitor and explosion
physics can be constrained.

6.1 Introduction

Supernova 1987A in the LMC has provided an excellent laboratory for supernova
physics. Its short distance (50 kpc) has provided the very rare opportunity to
spatially resolve the supernova as it evolves (currently the outer shock is greater
than 1′′ or∼ 1 light-year in diameter). The environment of the ejecta of SN 1987A
consists of a thin dense circumstellar ring, the equatorial ring, that is tilted 43◦

from the line of sight (Jakobsen et al., 1991; Tziamtzis et al., 2011). The first
evidence of interaction of the outermost ejecta with the equatorial ring appeared
in 1995 (Sonneborn et al., 1998; Lawrence et al., 2000), and was followed by the
emergence of hotspots along the equatorial ring in the following years. These
shocks and the reverse shock have provided much of the energy for the recent
electromagnetic display from the supernova, as the decay of the radioactive energy
sources produced in explosive nucleosynthesis provides ever decreasing amounts
of energy.

At present, the ejecta emission at optical wavelengths is dominated by gas
illuminated by the X-ray radiation from the ring (Larsson et al., 2011; Fransson
et al., 2013). Our view of the inner debris where most of the nucleosynthesis
products reside is highly obscured at optical/near-infrared by a massive cloud of
dust grains (Matsuura et al., 2015; McCray & Fransson, 2016).
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By contrast, millimeter molecular emission originates in the cold innermost
ejecta and is free of the obscuration, thus being particularly powerful for under-
standing the details of elemental distribution and mixing.

Elements in the ejecta material are not simply radially stratified as might be
expected from stellar evolution. Theory suggests that instabilities mixed the stel-
lar nucleosynthetic products into a clumpy 3D structure. These began during the
neutrino-driven phase of the explosion by convective overturn (Burrows et al.,
1995) and/or standing accretion shock instability (SASI, Blondin et al., 2003), and
grew by Rayleigh-Taylor instabilities as the shock propagated outwards through
the progenitor during the first ∼ 104 s (Ebisuzaki et al., 1989; Benz & Thiele-
mann, 1990). During the next days, radioactive decay of 56Ni→56Co→56Fe heats
clumps rich in those heavy elements, causing some additional expansion of those
clumps. If the process is sufficiently important, a large-scale reduction of heavy
products from the central regions and lowest velocities may occur (“nickel heat-
ing”, Woosley et al., 1988; Herant & Benz, 1991, 1992; Basko, 1994). After the
first few days, this structure was frozen in homologous free expansion, a record
that can be analyzed long afterwards.

Early detection of hard X-rays and the smooth shape of the light curve pro-
vided observational evidence that freshly synthesized material from the core of
the supernova had found its way to the outer, less optically thick, regions of the
envelope (Arnett et al., 1989; McCray, 1993). Observations of the structure of
atomic emission lines (Haas et al., 1990; Spyromilio et al., 1990) also suggested
that such macroscopic mixing of the ejecta had taken place. Detailed spectral
modeling (McCray, 1993, and references therein), however, placed limits on the
microscopic elemental mixing. Adiabatic expansion and radiative cooling caused
temperatures to drop rapidly and allowed molecules to form where different atoms
coexist. The molecular excitation temperature of 20−170 K (Kamenetzky et al.,
2013; Matsuura et al., 2017) reflects the balance between this cooling and heating
due to the gamma rays and leaking positrons from the 44Ti decay, and possible
X-rays and UV emission from the ring. Vibrational emission of CO and SiO was
observed within the first 2 years (Rank et al., 1988; Spyromilio et al., 1988; Roche
et al., 1991), and provided further constraints on the amount of mixing.

However, none of these observations spatially resolved the heterogeneous ejecta.
Modest angular resolution (∼ 500 mas) ALMA data (Kamenetzky et al., 2013) re-
vealed the presence of bright rotational emission from cold (< 150 K) relatively
slow moving (∼ 2000 km s−1) carbon monoxide CO and silicon monoxide SiO.
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We have now observed SN 1987A with ALMA in the CO J = 2− 1, SiO
J = 5− 4 and J = 6− 5 rotational transition lines using the long baseline, high
angular resolution mode of the telescope. These observations are of the highest
resolution ever made for SN 1987A and enable us to create and compare the first
3D maps of molecular emission from deep inside the remnant with state-of-the-art
explosion models.

6.2 Observations and data reduction

ALMA observations of SN 1987A at 1.3 mm (Band 6, 211−275 GHz) were per-
formed in two different epochs: cycle 2 low angular resolution images were made
in September 2, 2014 (A001/X10e/X140), and cycle 3 high angular resolution im-
ages were obtained from November 1 to 15, 2015 (A001/X1ee/X620). Combining
data from both cycles improves the image quality. Both data sets were calibrated
against QSOs (Quasi-stellar objects).

For the cycle 2 data set J0519–4546 (05:19:49.72, -45:46:43.85; 0.75 Jy at 234
GHz) was the absolute flux calibrator and J0635–7516 (06:35:46.51, -75:16:16.82;
0.68 Jy at 234 GHz) was the phase calibrator. The cycle 3 high-resolution data
consisted of two separate observations for each spectral setup. The 12C16O 2−
1 (230.538 GHz) and 28Si16O 5− 4 (217.105 GHz) images include data using
J0519–4546 (0.75 Jy at 224 GHz) as the absolute flux calibrator and J0601–7036
(06:01:11.25, -70:36:08.79; 0.70 Jy at 224 GHz) as the phase calibrator. The
SiO 6− 5 (260.518 GHz) image includes data using either J0519–4546 (0.63 Jy
at 253 GHz) or J0334–4008 (03:34:13.65, -40:08:25.10; 0.44 Jy at 253 GHz) as
the absolute flux calibrator and J0601–7036 (0.58 Jy at 253 GHz) as the phase
calibrator.

Combining the cycle 2 and 3 data sets results in baselines between 34 m (25
kλ ) and 16,196 m (12,600 kλ ). We used the Common Astronomy Software Ap-
plication (casa.nrao.edu) to process the interferometric data into a cube with 50
mas angular resolution and 100 km s−1 spectral bins (for spherical expanding
ejecta at the time of these observations, 100 km s−1 corresponds to a path length
of ∼ 9× 1015 cm or 12 mas). For imaging and deconvolution we used the task
tclean with different multiscale scales depending on the resulting beam sizes.
For CO 2− 1 and SiO 5− 4 images, we adopted scales = [0,7,21], and for the
SiO 6− 5 image we adopted scales = [0,5,15]. In both cases, we used a 6 mas
pixel size.

To determine the 3D distribution, we converted velocity into angular size on
the sky by assuming the distance to the LMC to be 50 kpc. We adopted a spherical
free expansion, and for the age of the supernova we took the time elapsed since
the supernova explosion and the date of the observations (∼ 28.7 years).
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Figure 6.1: Molecular emission and Hα emission from SN 1987A. The more com-
pact emission in the center of the image corresponds to the peak intensity maps
of CO 2−1 (red) and SiO 5−4 (green) observed with ALMA. The surrounding
Hα emission (blue) observed with HST shows the location of the circumstellar
equatorial ring (Larsson et al., 2016).

The assumption of free expansion can be tested in the spatially summed image.
Using the full width at zero intensity (FWZI)∼ 4000 km s−1, and a corresponding
angular size of the velocity-integrated image of ∼ 480 mas, we obtain a time
of 28.5 years since the explosion. There is no evidence of deceleration of the
supernova ejecta, and therefore the free expansion approximation is valid.

6.3 Observational results

In Figure 6.1 we present the CO 2−1 and SiO 5−4 emission framed by the cir-
cumstellar equatorial ring. Phenomenologically the image provides strong clues
to the structure of the inner ejecta of the supernova. The CO and SiO distribu-
tions are spatially distinct: both have a toroidal or shell-like distribution around
the center, but most of the CO emission presents a maximum extension larger
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than SiO emission (±1700 km s−1 vs. ±1300 km s−1; or ±1.53× 1017 cm vs.
±1.17×1017 cm, approximately).

The 3D distribution of CO 2− 1 and SiO 5− 4 is shown in Figures 6.2 and
6.3. Detailed examination reveals that the CO emission forms a torus-like shape
perpendicular to the equatorial ring, clear evidence of asymmetry in the explosion.
By contrast, SiO is clumpier and distributed in a broken shell rather than a torus.
Within a region≤ 1500 km s−1 (1.35×1017 cm) from the center of the explosion,
we find that 25% of the clumps have peaks brighter than 1.9× and 1.6× the mean
CO and SiO intensity, respectively. Translating the peak brightness of clumps into
peak density of clumps requires modeling the non-LTE excitation of each clump,
which we cannot do with only one emission line. However, if we use the average
kinetic temperature and collider density derived for the entire nebula (Matsuura et
al., 2017), then a peak brightness 3× brighter than average would translate into an
SiO density 5× higher than average, for the typical clump size.

The brightest SiO emission is from a single blob located off-center below the
equatorial plane (i.e., the side located closer to Earth). In both species, the emis-
sion joins into a more continuous torus or shell at about 50% of the peak of emis-
sion, and the central deficit of emission becomes fully enclosed at about 30% of
the peak of emission (see Figure 6.3).
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Figure 6.2: 3D view of cold molecular emission in SN 1987A. The CO 2−1 (red) and SiO 5−4 (green) emission is shown
from selected view angles. The central region is devoid of significant line emission. The emission contours are at the 60%
level of the peak of emission for both molecules. The black dotted line and black filled sphere indicate the line of sight and
the position of the observer, respectively. The gray ring shows the location of the reverse shock at the inner edge of the
equatorial ring (XZ plane). The black cross marks the geometric center. An animation of this figure is available in the online
journal.
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Figure 6.3: 3D distribution of emission of CO 2−1 (red) and SiO 5−4 (green) for selected view angles. From left to right
the plots show the emission at 30%, 50%, and 70% of the peak of emission of each line.
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The observed low emission at the central region agrees with predictions from
numerical models according to which different mechanisms (e.g., 56Ni-bubble ef-
fect, second outward shock, Ertl et al., 2016) would accelerate the innermost ma-
terial outwards. The zones with the lowest emission (< 20% of peak of emission)
have similar sizes as the brightest clumps (> 70% of peak of emission) and a si-
milar filling fraction of∼ 25%. The parts of the ejecta with the least SiO emission
are preferentially found around the center (r≤ 0′′1 or r≤ 7.5×1016 cm), whereas
holes of emission in CO span a range of radii similar to the range spanned by the
brightest CO clumps. We have examined the distribution of these zones of min-
imal emission and find that both CO and SiO holes are roughly perpendicular to
the CO torus. One possibility could be that these regions are filled with material
of different composition, like the heavy-element-dominated 56Ni fingers predicted
by some models.

The structure of the molecular emission is not aligned with the emission of
1.644 µm [Si I]+[Fe II], which is concentrated in two asymmetric lobes fairly
close to the plane of the ring and is brightest at larger radii than both CO and SiO
(Larsson et al., 2016). Differences could be due to chemistry, molecular dissoci-
ation by positrons, different excitation mechanisms (thermal versus non-thermal),
or dust obscuration. Figures 6.2 and 6.3 also reveal the first direct evidence of
non-spherical instabilities, as SiO extends to greater radial distances (velocities)
than CO in some directions. Considering emission brighter than 30% of the peak
of emission, SiO has a greater extent than CO in 25% of radial directions, and in
a few directions, extends up to 500 km s−1 greater radial velocities.

6.4 Comparison with hydrodynamical models

We compare our data to 3D numerical models of neutrino-driven core-collapse su-
pernovae obtained with the finite-volume Eulerian multifluid hydrodynamics code
PROMETHEUS (Utrobin et al., 2015; Wongwathanarat et al., 2015) that employs
an approximate, gray neutrino transport. All models considered are single-star
models. To follow the simulations from 11−15 milliseconds after core-bounce to
about 150 days we also include a description of the 56Ni heating. The additional
heating increases the outward velocities of the innermost 12C and 28Si by about
20%, so while it is not likely the only cause of the observed central evacuation,
this “nickel heating” effect does contribute.

The progenitor mass for SN 1987A is in the range of 14−20 M� (Arnett et al.,
1989; McCray, 1993; Smartt, 2009). We study four different non-rotating, non-
magnetic progenitors: two 15 M� red supergiants (RSGs), model W15 (Woosley
& Weaver, 1995) and model L15 (Limongi et al., 2000), and two blue super-
giants (BSGs) tailored to represent SN 1987A progenitors: a 20 M� model N20
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(Shigeyama & Nomoto, 1990) and a 15 M� model B15 (Woosley et al., 1988).
The BSG models have a shallower density profile at the H/He interface than the
RSG models, and differ significantly in the C+O core mass (N20 ∼ 3.8 M� vs.
B15∼ 1.7 M�).

One-dimensional models of molecule formation in supernovae have been pub-
lished (Lepp et al., 1990; Liu & Dalgarno, 1996; Sarangi & Cherchneff, 2013;
Sluder et al., 2016) but there are no models that combine higher-dimensional hy-
drodynamic evolution of the ejecta with chemical processes. The emitted line
radiation also depends on molecular excitation. This deep in the ejecta, it is rea-
sonable to assume that excitation and heating are predominantly due to 44Ti de-
cay. CO and SiO emission may therefore reflect the 44Ti abundance distribution
in addition to the CO and SiO abundance distributions. We have not yet detected
variations in the CO or SiO excitation temperature which would result from inho-
mogeneous excitation, but such variations may be detectable with future analysis
of ALMA data.

Nevertheless, in order to focus on the size scales and spatial distributions, we
compare the CO and SiO emission distributions directly to the square root of the
product of the 12C and 16O, and of 28Si and 16O modeled atomic density distri-
butions. We also analyzed 12C and 28Si individually, with and without density
ceilings at which CO and SiO become optically thick. If the yields are high (a
large fraction of the available atoms remains in gas-phase molecules), then the
molecular densities will be high enough to make the observed CO and SiO lines
optically thick.

We tested this in our structure comparisons by introducing an upper cutoff to
the model volume density. For a rotational transition from level J at energy Eu
to level J− 1 at energy El , the Sobolev large velocity gradient optical depth is
related to the molecular density n, rotational partition function Q and excitation
temperature Tx. For a diatomic rotator, like CO or SiO, the energy levels are
EJ = BJ(J+1) where B is the rotational constant and gJ = 2J+1 is the statistical
weight. As long as Tx is not too low compared to B, the partition function can be
approximated by Q∼ T/B, with B/kB = 2.766 K. Since the kinetic temperature is
T ∼ 50 K (Matsuura et al., 2017), the approximation is very reasonable. Assuming
the same Tx for all levels,

τ ≈ λ 3Aulgut
8πQ

(
e−El/Tx− e−Eu/Tx

)
n (6.1)

For the CO 2− 1 transition, the Einstein coefficient A21 = 6.9× 10−7 s−1. At
T ∼ 50 K, and at the time of the observation, τCO ≈ 2.7× 10−3 nCO. Optical
depth unity therefore corresponds to a CO density of nCO∼ 374 cm−3. This is
within a factor of order unity of the maximum model densities, so does not affect
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our conclusions about relative structure size distributions. The same calculation
for the SiO 5− 4 transition, with A54 = 5.2× 10−4 s−1, yields τSiO ≈ 4.2 nSiO.
Thus, optical depth unity corresponds to a SiO density of nSiO ∼ 0.24 cm−3, a
rather more severe threshold compared to model densities. From lower angular
resolution ALMA observations, the total CO and SiO masses are a few ×10−2

M� and a few ×10−4 M�, respectively, with uncertainties of a factor of several
(Matsuura et al., 2017). These masses account for < 20% and < 0.1% of the
expected C and Si yields (Woosley & Weaver, 1995). Models suggest that for-
mation of silicate dust is very efficient in this environment, leaving only a small
fraction of 28Si currently in molecular SiO (Sarangi & Cherchneff, 2013). Thus,
until more complete 3D models including dust formation exist, we compare the
modeled 28Si×16O distribution without a cutoff with observed SiO.

The results obtained for the clump sizes and distributions are robust to the dif-
ferent approaches. The main difference is that 28Si×16O has a more pronounced
central hole than 28Si alone, more similar to the SiO data. Due to the fact that
16O extends further out than 28Si, their intersection has more of a hole. Instead,
the differences between 12C×16O and 12C alone are less significant, as expected
since these nucleosynthetic products start out at more similar radii before the in-
stabilities take place. Figure 6.4 shows the phenomenological comparison of the
data and the four models homologously scaled from 150 days to 29 years, and
convolved to the observational resolution.
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Figure 6.4: Top row: a single slice ∼ 4.5× 1015 cm thick through the center of the 3D distributions of observed CO 2− 1
and modeled 12C×16O for W15, L15, N20 and B15 at 75% of peak CO emission or of peak 12C×16O density. Bottom row:
same as top row, but for observed SiO 5− 4 and the same models for 28Si×16O at 65% of peak SiO emission or of peak
28Si×16O density. The dynamics of the explosion of these models was not tailored to match the properties of SN 1987A.
Thus, while clumpiness, radial extent, and length scales can be compared, an exact morphological match would be merely
coincidental. The clump sizes and distribution of the models are visually similar from different viewing angles and do not
depend on the particular orientation of the slice. In these plots, the CO and SiO data cubes have been rotated 43◦ so that the
equatorial ring is horizontal.
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Different quantitative metrics are sensitive to different aspects of a 3D hierar-
chical structure. Segmenting the cube into clumps using cprops (Rosolowsky &
Leroy, 2006) and clumpfind (Williams et al., 1994) algorithms reveals the clump
size distribution. On the other hand, the radially averaged 3D Fourier transform,
and the distribution of distances between pairs of points above a given intensity
threshold (thresholds between 50% and 90% of peak of emission were consid-
ered), reveal the range of clump separations and any large-scale structure such
as the toroidal arrangement of CO. Figures 6.5 and 6.6 show the clump size and
clump separation for data and models of CO and SiO, respectively. In order to
help illustrate the metric, simple geometries are also shown in Figure 6.7.

The results that are most robust to different thresholds and segmentation pa-
rameters are the following: none of the models fit both emission lines in all struc-
tural metrics, but for CO, the RSG models W15 and L15 have 12C×16O clump
sizes comparable to the data. Instead, for SiO, the RSG models have a large range
of 28Si×16O clump sizes, on average, ∼ 35% larger than the typical SiO clump
sizes. For both lines, the clump sizes of BSG models N20 and B15 tend to be too
small compared to the observations.

The clump separation of CO shows a clear peak at ∼ 0′′25 consistent with a
toroidal structure of that diameter, while the distribution of SiO shows a minor
peak at ∼ 0′′30. For both CO and SiO, the RSG models do not have such a clear
peak, but instead they have a broader range of intermediate scales, reflecting the
intermediate-sized structures visible in Figure 6.4. For SiO, both W15 and L15
models have a large-scale shell or torus comparable in extent to the data. The BSG
models are more fragmented into small structures than the observations. Model
N20 has small clumps with a wide range of clump-to-clump distances, and a larger
shell structure than the data. For CO, the BSG model B15 does not have a range
of intermediate distances but shows a strong peak at ∼ 0′′22, more similar to the
CO data.
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Figure 6.6: Top: distribution of clump sizes, in SiO emission and in the product of
28Si×16O modeled density. Bottom: clump separation between points with bright
emission, or high modeled atomic density. All points in the 3D cubes above 65%
of peak SiO emission, or of peak 28Si×16O density for the models, are included
in the calculation. The SiO data show a minor peak at ∼ 0′′30 consistent with
a broken shell structure of that diameter. The vertical dotted line represents the
beam size.
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Figure 6.5: Top: distribution of clump sizes, in CO emission and in the product of
12C×16O modeled density. Bottom: clump separation between points with bright
emission, or high modeled atomic density. All points in the 3D cubes above 75%
of peak CO emission, or of peak 12C×16O density for the models, are included
in the calculation. The CO data show a clear peak at ∼ 0′′25 consistent with a
toroidal structure of that diameter. The vertical dotted line represents the beam
size.
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Figure 6.7: Top: two simple shapes, (a) a ring or torus, and (b) clumps arranged
in a ring-like distribution similar to observed in CO. Bottom: clump separation
of (a) shows a strong peak at the diameter of the ring, while the clump separation
of (b) maintains that peak but in addition shows a peak at small scales tracing
typical clump sizes and separations. A closed shell (not shown) shows a peak
at the diameter of the shell, but a broader range of intermediate distances. The
vertical dotted line represents the beam size.
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6.5 Conclusions

We have used the extraordinary capabilities of ALMA to create unique 3D maps
of CO and SiO molecular emission from the inner ejecta of SN 1987A with un-
precedented spatial resolution. Our observations show the clumpy mixed structure
predicted by models (e.g., Hammer et al., 2010) but not previously well-imaged,
as well as a clear sign of asymmetry in the supernova explosion. We find that the
molecular emission forms a torus-/shell-like shape perpendicular to the equatorial
ring, and in some directions, the SiO extends further out than CO from the center
of the remnant, a proof that non-spherical instabilities have taken place at the time
of the explosion.

From the comparison of these data to hydrodynamical models we conclude
that none of the models correctly reproduce neither the radial extent of both lines
nor the range of clump sizes. The first discrepancy might be solved by adjusting
the explosion energy of the model, but the second is directly related to the progen-
itor structure and the strongest asymmetries produced during shock revival, or to
as of yet unmodeled chemical or excitation effects. However, considering that the
models are not particularly tuned to reproduce SN 1987A, the agreement in some
features as the overall shape of CO and SiO emission is surprisingly good.

The models compared here are non-rotating, and thus we cannot say how dif-
ferent the signatures of SASI would be. Comparing these data with a larger range
of models, also including SASI mechanisms, will constrain explosion physics
more precisely than has been possible heretofore using unresolved images and
spectra, as different model parameters affect the size scales of clumpy structure in
different ways: the explosion energy changes the overall extent, instability physics
and the duration of the unstable phase affects the small-scale clump sizes. Progen-
itor structure and astrochemistry (fractional molecular yield compared to elemen-
tal abundance) also change the range of clump sizes and extent of their envelopes.





Chapter 7

Conclusions and future work

No llores porque ya se terminó...
sonríe porque sucedió.

Gabriel García Márquez

In this thesis, we have presented the results of our research in two distinct sub-
jects: a high-precision astrometric analysis of the S5 polar cap sample and a study
of the 3D distribution of the molecular emission in the SN 1987A ejecta. Both
projects have in common that the observations were made at radio wavelengths
by means of radio interferometric techniques. However, the distinct nature of
each project made their analysis (e.g., data editing, calibration and imaging) very
different. Whilst the global high-precision astrometry made use of VLBA obser-
vations (i.e., VLBI), the study of the SN 1987A ejecta made use of ALMA obser-
vations (i.e., connected interferometry). Thus, we had to use different approaches
and software in each case.

In this chapter, we present the main results obtained and highlights future work
which could complement and build on the findings presented in this thesis.
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7.1 Summary of the results

7.1.1 High-precision astrometry
• We have performed a high-precision wide-angle astrometric analysis of

the complete S5 polar cap radio sample, and for the first time in VLBI,
we have globally connected the phase-delays at a frequency as high as
43.1 GHz. Since the delay corresponding to one 2π phase cycle at this fre-
quency is so short (∼ 23 ps), compared to the residual delay rates, integrated
over the duty cycles of our observations, from our experience we conclude
that the Q band might mark the observational limit for this astrometric tech-
nique. Thus, it is likely that a similar work cannot be performed at higher
frequencies (e.g., 86 GHz) with the current instrumentation.

• Our successful global astrometric analysis at Q band has enabled us to
study the changes in the source core positions between different epochs
and/or between different frequencies. From the inter-epoch analysis, we
have found that the differences in source separations among all the source
pairs observed in common in the two epochs are compatible at 1σ level
between both bands.

• We find motions of 0.1− 0.9 mas among close-by sources between the
two epochs, which imply drifts in the jet cores of approximately a few
tens of µas yr−1. These results have implications for the standard AGN jet
model (where the core locations are supposed to be stable in time).

• We have performed a SFPR calibration, from 14.4 GHz to 43.1 GHz,
to determine the core-shifts of the sources. With this technique, we
have found typical core-shifts of 0.05− 0.2 mas. Besides, from the inter-
frequency analysis of year 2010, we find that the differences in source sep-
arations between U and Q bands are compatible at the 1σ level with those
estimated with the SFPR technique.

• We have developed an inter-frequency differential phase-delay analysis
(IFDPD) to study the core-shift effect between the U and Q bands in
a way independent of the SFPR technique. With this new method, we
have found degeneracy in some of the core-shift directions, perhaps due
to strong coupling between the parameters associated to the atmosphere
(mainly residual ionosphere) and the CCOs at Q band in the Monte Carlo
analysis.
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• We have fitted the core emission of the sources at U and Q bands to
Gaussian intensity distributions. We have found that the position angles
of the major Gaussian axes are similar between the two bands for most of
the sources. This result indicates that a considerable fraction of the total
sample shows rather straight jets. Besides, we have compared the core-
shift directions to the core orientations at both bands and we have found
that there is good agreement between the core orientations at U band and
the core-shifts, for the sources with most accurate core-shift estimates. On
the other hand, from the analysis of the axis ratio of the core Gaussians at
each frequency, we conclude that at least a fraction of the Q band emission
is likely to come from the concave jet region, where the jet width is not
proportional to the distance from the jet base.

• We have presented three different methods to study the core-shift effect
and we conclude that, even though they do not agree in the estimate of
the core-shift directions in some cases, they are all compatible in the ab-
solute values of the core-shifts. In some cases, the discrepant orientations
are due to insufficient information for the corresponding method to be suc-
cessfully applied. In other cases, the discrepancies reflect assumptions of
the methods and could be explained by curvatures in the jets and/or depar-
tures from conical jets. Interestingly, the absolute values of the core-shifts
determined with all methods presented in this thesis are of the same order as
those predicted by the statistical study of Kovalev et al. (2008) using a sim-
plified SSA jet model (e.g., Lobanov, 1998b), if extrapolated to the whole
S5 polar cap sample at U and Q bands.

• We have constructed robust spectral-index images of the sources. The
spectral-index distributions follow the well-known steepening of the spec-
trum at the jet extensions, from an either flat- or inverted-spectrum region
associated to jet cores. There is one source, 0615+ 820, that shows a re-
markable double structure at 43.1 GHz. In this source, we have found that
the true jet core does not correspond to the absolute brightness peak. Possi-
ble explanations for this could be either a strong jet bending at parsec scales
from the AGN central engine (due to interaction with the ISM), a gravita-
tional lens with mas scale, or a binary massive black hole.
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7.1.2 Tomography of the SN 1987A ejecta
• We have created unique 3D maps of CO and SiO emission from the

inner ejecta of SN 1987A with unprecedented spatial resolution. Our
observations show the clumpy mixed structure predicted by models (e.g.,
Hammer et al., 2010) but not previously imaged, as well as a clear sign of
asymmetry in the supernova explosion.

• We have found that the CO/SiO emission forms a torus-/shell-like shape
perpendicular to the equatorial ring, and in some directions, the SiO
extends further out than CO from the center of the remnant. This is an
observational proof that non-spherical instabilities took place at the time of
the explosion.

• From the comparison of these results with state-of-the-art hydrody-
namical models of supernova explosions, we conclude that none of the
models correctly reproduce neither the radial extent of the emissions in
of CO and SiO nor the range of clump sizes. The first discrepancy might
be solved by adjusting the explosion energy of the model, but the second
is directly related to the progenitor structure and the strongest asymmetries
produced during shock revival, or to as of yet unmodeled chemical or ex-
citation effects. However, considering that the models are not particularly
tuned to reproduce SN 1987A, the agreement in some features as the overall
shape of CO and SiO emission is surprisingly good.

• The models used for the comparison are non-rotating, and thus we can-
not say how different the signatures of standing accretion shock in-
stability (SASI) would be. Comparing these results with a larger range
of models, also including SASI mechanisms, would constrain explosion
physics more precisely than has been possible heretofore using unresolved
images and spectra, as different model parameters affect the size scales of
clumpy structure in different ways: the explosion energy changes the over-
all extent, instability physics and the duration of the unstable phase affects
the small-scale clump sizes. Progenitor structure and astrochemistry (frac-
tional molecular yield compared to elemental abundance) also change the
range of clump sizes and extent of their envelopes.
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7.2 Future work

The global high-precision differential astrometry over large sky angles with VLBI
belongs to a large astrometry campaign aimed to study the S5 polar cap sample.
This campaign started about 20 years ago. The goals pursued over this period
have been finally reached, and hence, the work presented in this thesis represents
somehow the completion of the project. This means that no further research on
this topic is planned in the near future. However, given the inconclusive results
obtained for source 0615+ 820, we are continuing the observation and study of
this source, out of the scope of the original S5 astrometry project. Observations
with the Global mm-VLBI Array (GMVA) have been already made. These obser-
vations will help determine the nature of this intriguing source.

With respect to the study of SN 1987A, there is way too much to do in the
following years. We will continue studying the emission of the core of the inner
ejecta both in higher transition lines than heretofore and in the same lines to see the
time evolution. The international ALMA collaboration, in which I am involved,
has submitted a follow-up proposal to observe the evolution of the ejecta as the
X-rays from the reverse shock propagate into the inner ejecta. Over the 1000
day interval since our previous observations, ALMA can resolve the expansion
of the ejecta at > 2000 km s−1. Over this time interval the X-ray penetration
of the ejecta will have increased significantly, and the radioactive 44Ti heating
decreased. Additionally, we shall also observe the ongoing destruction of the ring
and seek evidence for a compact remnant. This proposal (Id: 2017.1.00789.S), led
by Dr. Remy Indebetouw, has been A-ranked.1 Thus, at the time of writing, we
expect to get high resolution observations that enable us to study the time variation
of the supernova remnant by comparing to the results presented in this thesis.

Furthermore, an analysis of the SiO line ratios with the cycle 3 ALMA data
used in this thesis needs still to be done. The examination of the line ratios will tell
us much about differential excitation of the nebula, which will be very interesting
for a correct physical interpretation.

As part of the ALMA team, I am also involved in another proposal. This
proposal (Id: 2017.1.00221.S), led by Dr. Mikako Matsuura and A-ranked, is
aimed to study the macroscopic/microscopic mixing in the supernova ejecta by
resolving the HCO+ emission. Another proposal led by Dr. Giovanna Zanardo,
member of the ALMA collaboration, has been also A-ranked. This proposal is
aimed to investigate the polarized emission in the supernova remnant.

1Grade A: Highest priority proposals that will be rolled over to the subsequent observing cycle
if necessary to complete. Such proposals must be suitable for roll over considering the nature of
the project and the availability of configurations.
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SN 1987A is one of the rare objects in which real-time astronomy can be
studied. Thus, the research on SN 1987A with ALMA will surely continue during
the next years.
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