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The gravitationally lensed blazar PKS1830−211 seen by ALMA:
Determination of time delay between lensed source
MARIANA DAVID
Department of Earth and Space Sciences
Chalmers University of Technology

Abstract
PKS1830−211 is a blazar lensed by a foreground galaxy. The alignment of these two
objects causes the formation of two distinct compact images embedded in a pseudo-
Einstein ring. In this master thesis, we use multi-epoch and multi-frequency data,
collected by the Atacama Large Millimeter/submillimeter Array (ALMA) in 2012
and 2014, with the aim of determining the time delay between the two lensed images.
These have been resolved in all observations and, by modelling the flux of the North-
East image and the flux ratio of both images, the time delay was found to be (28 ±
3) days. This result can be used in future work to better constrain the lens model
of the system constituted by the blazar and its foreground galaxy. Furthermore, the
physics of the jet was studied by interpretation of the measurements and spectral
indices which varied between both periods and were found to be (0.77 ± 0.03) and
(0.35 ± 0.10) in 2012 and 2014 respectively.

Keywords: blazar – PKS 1830−211, gravitational lensing, interferometry, data mod-
elling.
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1
Introduction

In this chapter the concepts of gravitational lensing, quasars, blazars and radio
astronomy are presented, followed by the introduction to the blazar PKS1830−211
and its lensing galaxy.

1.1 Gravitational lensing
After the theory of general relativity, the notion that light always follows a straight
path was abandoned. As a matter of fact, light bends when propagating near very
massive objects. And the more massive an object is or the closer from it the light
propagates, the more curved the light’s path gets. The theory of general relativity
also explains that this happens because the spacetime around very massive objects
gets distorted and light follows its curvature as long as it is the shortest propagation
path. This effect only gets strong enough to be measured on large scales, equivalent
to the masses of neutron stars, black holes and clusters of galaxies. And indeed it
has been observed.

In 1979, two quasars with incredibly similar magnitudes, spectra and redshifts
were discovered very close to each other [16]. In fact, their properties were too
similar to come from different sources and later were found to be two images from
the same quasar, Q 0957+561, originated due to gravitational lensing.

The principle of gravitational lensing is sketched in Figure 1.1. An observer at
point O looking at a certain direction only sees the massive object M that conceals
the bright source S located at the same line of sight. However, due to the strong
gravity of M, the radiation emitted by S bends and changes its trajectory, reaching
O.

Since each trajectory of light corresponds to an image of the source S’, the
observer sees a ring, the Einstein ring, only when M is perfectly symmetric on the
line of sight. The time needed for the light to cross the paths A and B is the
same. On the other hand, if M is not perfectly centred at the line of sight, light
goes through different paths relatively to M and instead a broken pseudo-ring is
seen, as well as different components. Moreover, a time delay between the light-rays
going through the paths A and B is now measurable and one of the light curves
becomes the leading image. It should also be noted that each light curve shows
its own magnification that is perceptible by O. Since gravitational lensing is an
achromatic process, which means that it does not depend on the emission frequency,
and assuming that all frequencies are emitted from the same region in the source, the
time delay between core images is independent of the measured frequency. Therefore,
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1. Introduction

measuring and comparing the time delays at different frequencies can enlighten
about the energetic mechanisms happening at different regions of the source.

Figure 1.1: Illustration of gravitational lensing. The source S emits radiation that is bent
due to the gravitational field of a very massive object M. An observer at O does not see the real
source, but rather an image S’ that depends on the path taken by the radiation.

1.1.1 Calculation of Hubble constant from time delay
The Hubble constant is one of the most important quantities in Astronomy as it is
directly related to the age, size and expansion rate of Universe. Moreover it is also
used to easily calculate distances of cosmological objects according to the expression

v = H0r (1.1)

where v is the recessional velocity (at which the object is moving away from Earth),
H0 the Hubble constant and r the distance from Earth [16].

A way to determine this constant is by measuring a galaxy’s redshift, its dis-
tance from Earth and applying the equation 1.1. This can be difficult since it requires
a reference bright source with special characteristic, called "standard candle". But
there are other methods that require the time delay of the lensed images.

In 1964, a new approach that used the time delay between lensed images as a
scaling factor was implemented. In case there are two similar universes, being one
larger than the other as in Figure 1.2, measuring the angular separation between the
lensed images, their relative positions to the lensing galaxy and their magnification
ratio results in the exact same values. Hence a scaling factor is needed in order to
distinguish both situations [16]. Since the time delay between lensed images does
depend on the size of the respective universe, it can be used as scaling factor and
the Hubble constant determined with the equation

H0 = K
(∆θ)2

∆τ (1.2)

2



1. Introduction

where K is a constant that depends on the mass distributions of the lens, ∆θ is the
angular separation between lensed images and ∆τ the time delay [17, 18].

Figure 1.2: In two similar universes, one of them bigger than the other, the observation of the
gravitational lens properties (angular separation between lensed images, their relative positions
to the lensing galaxy and their magnification ratio) would result in the same values. Therefore a
scaling factor such as the time delay between lensed images is necessary in order to distinguish
both situations. Image from [16].

1.2 Quasars and blazars

In 1963, a strong radio source similar to stars was observed and named Quasistellar
Radio Source which means "star-like radio source". This was the quasar 3C 273 and
was identified during a lunar occultation. Quasars are very massive compact objects,
so bright that can outshine their host galaxies. With the energy output equivalent
to the brightness of billions stars (around 1039 W [3]) coming from one single object,
they are the most powerful element of the active galactic nuclei family, which differ
from normal galaxies due to the existence of a a very massive and compact object
in their nucleus, a supermassive black hole in an active phase, that will be discussed
further on.

Quasars have been detected at different redshifts, ranging from z = 0.16 to
z = 6, which corresponds to cosmological distances between 770 and 59,000 Mpc.
(For comparison, the closest galaxy from the Milky Way, Andromeda, is located at
778 kpc.) Furthermore, the time scale of their brightness variability can be of the
order of days or less, which multiplied by the speed of light, implies dimensions of
the emitting region not much larger than the solar system.

The Unifying Model takes blazars to be a particular geometric configuration
of quasars, when observed face-on so that the highly collimated outflow that they
exhibit is emitted in the line of sight of the observer.

3



1. Introduction

Structure modelling
The Figure 1.3 shows a radio image of the quasar 3C175, obtained with the Very-
Large Array (VLA). Its structure can be describe in the following: the small bright
point at the centre of the picture can be explained by an accretion disk surrounding
a supermassive black hole. Together they emit two highly collimated jets of plasma
which then disrupt into two opposite lobes. Especially brighter zones are seen in
the lobes, called hotspots. It should be mentioned that the reason why only one
jet is seen in the Figure 1.3 is because the velocity of the visible jet had a compo-
nent propagating towards Earth, so that its luminosity was boosted relatively to its
counterpart due to relativistic effects [7]. Detectors would need greater sensitivity
in order to detect the second jet, or counter jet.

Figure 1.3: VLA image of the quasar 3C175. The most plausible model that describes this
structure is the existence of a central supermassive black hole surrounded by a bright accretion
disk, from which jets are emitted that feed the double radio lobes. Here prominent hotspots are
visible. Only one jet is visible due to relativistic effects. (Credit: NRAO/AUI/NSF. Investigators:
Alan Bridl, David Hough, Colin Lonsdale, Jack Burns, and Robert Laing) [8]

Blazars present jets of highly polarized synchrotron emission, that can only
be produced when relativistic charged particles are accelerated in spiral trajecto-
ries around magnetic field lines. The magnitude of blazars’ strong magnetic fields
involved is believed to be of the order of 103 − 104 Gauss possibly generated by a
spinning supermassive black hole and accretion disk [9, 10, 11]. A black hole
is an object so massive and compact that not even light can escape within a cer-
tain radius from its nucleus due to the strong gravitational field. This limit, the
Schwarzschild radius, is given by the equation

RSch = 2GM
c2 (1.3)

This corresponds to compress our Sun from its radius of 696,000 km to mere 3 km.
The characteristics of the supermassive black hole have direct effect on the quasar’s
properties. For example, it has been established a connection between the black
holes’ mass, spin and mass accretion rate and the fact that only 10% of the quasars’
population are radio loud (with radio emission) [10]. However the exact mechanisms
involved are still unknown.

Orbiting around the supermasssive black hole there is a flat disk of ionized
matter, the accretion disk. As it is also very dense, the friction between the
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1. Introduction

plasma particles releases most of the energy that characterises quasars’ continuum
spectrum, which ranges from radio to X-rays emission. And when particles loose
their energy, they slow down and start falling onto the black hole. Then it is believed
that a fraction of them is re-emitted as relativistic jets [9, 10, 11].

These relativistic jets are highly directional outflows of energy that due to
their long lifetime can extend to distances up to 1 Mpc from their source. They are
produced by the emission of the equivalent to 1.5 solar masses [12] and collimated
by the existing strong magnetic field, together with gradient pressures from the
intergalactic medium [9]. Different regions can be identified during the formation
of jets. There is a nozzle that boosts the velocity of plasma to relativistic speeds,
which is followed by the collimation region and then the conical shape region where
the jet propagates freely [7]. The jet power is believed to be correlated with the
rotation speed of the accretion disk.

Jets may break down after a certain distance from the core of the black hole,
forming two lobes, that also present strong emission. Some explanations for this
disruption assume a high-density spot in the interstellar medium, natural collapse
explained by magnetohydrodynamics, or even some phenomenon related with dark
matter [7].

There are many theories for the formation of these powerful objects. The
classical one suggests that quasars grew from black hole seeds through continuous
accretion after the collapse of primordial stars [13]. However, SMBHs seem to have
grown too fast to agree with this explanation and other hypothesis arose, such as
primordial galaxies (protogalaxies) merging with each other on a massive nuclear
disk [14] or direct accretion of matter at each protogalaxies nucleus due to dynamical
instabilities [15].

Nowadays, quasars are widely studied in diverse fields, such as galaxies evolu-
tion, cosmology and jet physics.

1.3 Radio astronomy
In radio astronomy the radio emission of astronomical objects is studied, from cm to
mm wavelength. It is in this range that some phenomenon become easily detectable.
Some examples in the category of thermal processes are the dust blackbody emission,
atomic and molecular transitions, whereas some non-thermal radio-emitting pro-
cesses are masers, synchrotron and free-free emission. As the Earth’s atmosphere is
relatively transparent to radio wavelengths, radio astronomy can be performed with
ground-based observatories, which are less expensive than the optical ones since the
surface accuracy is not as demanding. Other advantages of studying radio spectra is
that the absorption and scattering of the radiation by the dusty interstellar medium
(ISM) becomes negligible [1].

1.3.1 Radio telescopes
A standard radio telescope, or antenna, is composed by a reflector, feed, transmission
line and receiver, visible in Figure 1.4. The reflectors are normally parabolic-shaped,
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1. Introduction

and besides providing directionality, they also collect radiation and reflect it to a
central focus, at the feed. Here, the astronomical signal is detected when the radio
waves interact with conductive material, which is then transmitted, filtered and am-
plified by the radio receiver. In this way the radio source can be distinguished from
the electronic noise and radio background. For optimised observational conditions,
radio observatories can be built at high altitudes, where radio noise from civilisation
is reduced and the weather is usually dry and cloudless, minimizing the absorption
of submillimetre radiation, as well as air turbulence.

Telescopes are characterised by their angular resolution, which is limited by
the diffraction of electromagnetic waves. The resolution is dependent on the size
of the telescope’s aperture, that determines the amount of radiation reaching the
detector, and the measured wavelength according to the equation

θ ≈ 1.22 · λ/d , (1.4)

where d is the aperture diameter, λ the detected wavelength and θ the telescope’s
resolution [2]. An application of this equation can be given by comparing radio and
optical telescopes. As radio wavelengths are much longer than visible wavelengths
(which go from 400 to 700 nm), when aiming, for instance, at a resolution of 1
arcsecond, a radio telescope diameter must be 25 km (considering λ = 10 cm),
whereas an optical telescope is required to be 15 cm diameter in order to achieve
the same angular resolution (for λ = 600 nm).

As the resolution of a single radio antenna is limited to its diameter, tech-
niques to improve spacial resolution by combining several radio antennas in multiple-
element array have been developed.

Figure 1.4: ALMA antennas at Chajnantor. Each antenna is composed by a reflector, feed,
transmission line and receiver. Credit: ALMA (ESO/NAOJ/NRAO)
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1. Introduction

1.3.2 Radio interferometry

Even though the telescopes’ resolution depends on their size according to equation
1.4, increasing their diameter is not the only way to improve the angular resolution.
In fact, when combining signals from two radio antennas detecting the same source
simultaneously through interferometry, it is the distance between them that counts
for the angular resolution. This can be pictured as a big radio telescope with a
certain diameter being synthesised by two smaller telescopes at the distance from
each other corresponding to the bigger telescope’s diameter. Thus the resolution
improves with the increase of the maximum distance between telescopes, which is
called baseline (B). Furthermore, the more antennas are added so that there are
more baselines with different lengths, the more information is obtained about the
source’s structure. Hence, the technique of aperture synthesis is of great importance
when considering telescopes positions, specially when they are portable and need
rearrangement [3].

In interferometry, the signals originated by the diffracted radio waves captured
by two antennas simultaneously pointing at the same direction are correlated and
the coherence of their signals measured, which is equivalent to the visibility of the
diffraction fringes. This visibility, V (u, v), is measured at the plane perpendicular
to the radio propagation that can be called U-V plane. It can be converted to a real
"image" of the source brightness, I(x, y), by calculating the inverse Fourier transform
of a quantity that includes the response of each individual antennas, A(x, y), the
source coordinate offsets (x, y) from the pointing direction of the telescopes and the
baselines at the U-V plane. The expression of the visibility is then

V (u, v) =
∫∫

source

A(x, y)I(x, y) exp{i2π(ux+ vy)} d(x, y). (1.5)

It is also important to note that when the maximum distance between the anten-
nas is increased, the resolving power of the interferometer improves, leading to the
detection of smaller details according to the equation 1.4. But at the same time,
larger structures are poorly imaged or even invisible [4, 5].

The most expensive radio mm/sub-mm interferometer of the present time,
arguably also the most powerful, is the Atacama Large Millimeter/submil-
limeter Array, ALMA. It is located in the northern Chile’s Atacama desert at an
altitude of 5.000 meters above sea level and working since 2013 March. Its main
array is composed by fifty antennas, each 12-metre in diameter and weighing over
100 tonnes, that when fully operational will detect wavelengths ranging from 0.3 mm
to 9.6 mm. Additionally, they possess high mobility and can be spread in different
configurations at distances of 150 metres to 16 km from each other with millimetre
precision. This makes ALMA fully adaptable to different scientific goals. At the
maximum baseline of 16 km and at observation wavelength of λ = 0.3 mm, a reso-
lution of 0.004 arcseconds can be reached [6], which allow us to detect some of the
farthest objects currently known, such as quasars and blazars.

7



1. Introduction

1.4 The system PKS1830−211
Radio–loud quasars make to a small percentage of the quasars’ population, from
which only a few present jet emission towards Earth. Even more rare is to find such
blazars aligned with massive foreground objects, so that they are strongly gravita-
tional lensed. In this context, the blazar PKS1830−211 happens to be a treasure
in the sky and its properties are analysed in this chapter.

The PKS1830−211 is a radio-loud blazar at redshift z=2.507, which corre-
sponds to a comoving radial distance of roughly 20,854 Mpc. It is a flat-spectrum
radio quasar magnified due to the gravitational lensing effect of a gas-rich face-
on spiral galaxy at redshift z=0.89, equivalent to 5,799 Mpc. There is a second
galaxy aligned with these objects, which lensing effects are negligible compared to
the z = 0.89 one.

Various observations of the blazar PKS1830−211 in the cm-wave range have
led to the detection of two core images connected by a pseudo-Einstein ring, similar
to Figure 1.5 which was collected with the Multi-Element Radio Linked Interfer-
ometer Network (MERLIN). Both core images are separated by 0.98” and hereafter
referred to as northeast (NE) or southwest (SW) image due to their relative posi-
tions. As the pseudo-Einstein ring presents a very steep spectral index compared
to the main images, it becomes undetectable at mm/sub-mm. At the same time,
the NE and SW images are magnified by a factor of 5-6 and 3-4 respectively at all
frequencies [19]. The NE images is the leading one.

This particular gravitational lens is a quite rare object, as molecular absorption
of background emission in gravitational lensing galaxies has been found in only two
cases, the other one being B 0218+357 [20, 21]. Furthermore, gravitational lensing
systems can contribute to the study of the cosmic microwave background radiation
(CMBR) at different redshifts, the understanding of dark matter, jet physics and
cosmological probes.

Figure 1.5: MERLIN image of PKS 1830−211 at C band, observed in year 1991 (and re-
processed by team in Onsala). Two core images embedded in a pseudo-Einstein ring are observable.
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1. Introduction

Previous studies on the time delay
In this section three relevant techniques and results from previous studies on the
time delay between the core images of the PKS 1830−211 are presented. The first
study is from 1998 and analysed data in the radio band collected by the Australia
Telescope Compact Array (ATCA) to conclude a time delay of ∆t = 26+5

−4 days
[22]. The second study, from 2001, distinguished the molecular absorption of each
light curve when passing through the foreground galaxy and found a time delay of
∆t = 24+5

−4 days [23]. Finally the most recent study, from 2011, determined a time
delay of ∆t = 27.1± 0.6 days from the analysis of γ−ray light curves monitored by
the Fermi Large Area Telescope, Fermi-LAT [24].

A. Radio emission with ATCA

This paper was a collaboration between J. Lovell, D. Jauncey, J. Reynolds, M.
Wieringa, E. King, A. Tzioumis, P. McCulloch and P. Edwards. It was published in
the Astrophysical Journal in 1998 November with the title "The Time Delay in the
Gravitational Lens PKS1830−211" [22].

Data Measurements of the flux densities of the NE and and SW components
were collected every 3-6 days, between 1996 July and 1998 July, with the Australia
Telescope Compact Array, ATCA, at 8.6 GHz. The flux density is overall increasing
smoothly, except for a small bump of 400 mJy1, during 1997 September.

Method At 8.6 GHz, the ATCA’s resolution of 0.9” did not fully resolved the
NE and SW components from the Einstein ring. Therefore, the first step was to
determine the flux densities of each main core by modelling the data with two
circular Gaussians accounting for the constant contribution of the Einstein ring.
Then, the time delay was calculated using the dispersion technique from Pelt [25],
which consists of correlating both light curves, shifting one with respect to the other
by a certain time τ and calculate the statistical dispersion. The time delay should
correspond to value of τ for which the statistical dispersion is minimum [25, 20].
Since this technique does not require the interpolation of unevenly distributed data,
the chances of obtaining incorrect results decrease

In the analysis performed, the subscripts 1 and 2 correspond to the NE and
SW images, respectively. The SW flux, S2(t), was expected to present the same
shape as the NE flux, S1(t), but time shifted by ∆τ and magnified by 1

µ
. At the

same time, the authors assumed different contributions of the Einstein ring for each
of the core components, so that Sring = Sc1 + Sc2, where Sc1,2 are the unknown
constant contributions and their difference gives the variable d. The measured SW
flux, Sm2(t), was then modelled by the equation

Sm2(t) = S2(t) + Sc2

= 1
µ
S1(t+ ∆τ) + Sc2

(1.6)

1Jansky is a non-SI unit of spectral flux density, equivalent to 10−26J s−1 m−2 Hz−1.
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1. Introduction

and an estimation for the variables ∆τ , µ and d were found to be optimised at the
minimum dispersion.

Results At minimum dispersion, the parameters fitted to the data resulted in
∆τ = −23± 4 days, µ = 1.52± 0.02 and d = −0.62± 0.06 mJy. When performing
the same method on artificial NE and SW light curves similar to the original data,
the robustness of the method was confirmed with the values µ = 1.52 ± 0.05 and
d = −0.62 ± 0.05 mJy, while ∆τ showed a broad distribution between 12 and 30
days, with peaks around 15, 23 and 28 days. The same method was also performed
only on data concerning the small outburst of 1997 September, with the purpose
of better constraining the time delay. This was based on previous conclusions that
smooth light curves can lead to poor results and ambiguous solutions of ∆τ . The
results were ∆τ = −26+5

−4 days, µ = 1.68 and d = −1.12 mJy.

B. Molecular absorption

The next paper is named "Time Delay of PKS 1830−211 Using Molecular Absorption
Lines", was written by T. Wiklind and F. Combes and published in the Astronomical
Society of the Pacific Conference Series, in 2001.[23]

Most of the optical radiation coming from the lensed PKS1830−211 is heavily
extinct due to dust absorption in the interstellar medium. Moreover, it has been
previously proven that the absorption lines of HCO+ in the continuum spectrum
is linked to the SW core component and therefore can be used to determine its
continuum flux if heavily saturated, which is the case.

This paper takes advantage of this scenario and determines the time delay
between both images with spectroscopy, which turns out to be more efficient in
terms of time and resources than interferometry, because it only requires a low
angular resolution single-dish telescope.

Data In 1996, 1997 and 1998, from around March to October, data regarding the
total continuum flux and the depth of the absorption line of HCO+ was collected
by the Swedish-ESO Sub-millimetre Telescope (SEST).

Method The flux density of the SW component can be directly measured from the
absorption depth of HCO+ (2-1) lines. So the NE flux density can be later inferred
from the total continuum flux. After correlating the NE and SW flux density curves
according to the minimum dispersion analysis, or Pelt method [25, 20], the time
delay was calculated.

Results The time delay found was ∆t ≈ 24+5
−4 days.

C. γ-rays with Fermi LAT

The following paper, "First evidence of a gravitational lensing-induced echo in
gamma rays with Fermi-LAT", was published in 2011 January in the Astronomy
and Astrophysics Journal by A. Barnacka, J.-F. Glicenstein and Y. Moudden[24].
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1. Introduction

The Fermi-LAT is a high-energy telescope orbiting around Earth. It performs daily
surveys of high-energy sources such as pulsars and active galactic nuclei.

In the high-energy gamma range, the core components of the gravitational
lensed image of PKS 1830−211 cannot be resolved by the current technology. While
the separation between NE and SW is 0.98′′, the resolution provided by these in-
struments is a few arcminutes, at most.

Two solutions are presented to deal with spatially unresolved data. The tradi-
tional method is to apply the autocorrelation function to data, whereas this paper
investigates the so-called "double power spectrum" method, which is used in fields
like seismology and speech processing.

Data The data were collected between 2008 August and 2010 October by the
Fermi LAT telescope at energies between 300 MeV - 300 GeV. The time sampling
was two-day binning.

Method According to the article, the total observed brightness in time domain,
g(t), is the sum of the intrinsic brightness of the AGN and itself, accounting with
a shift in time, a, and a magnification factor, b: g(t) = f(t) + bf(t + a). The
measured power spectrum, Pν , is then obtained by computing the square modulus
of the Fourier Transform of g(t), which results in the product of the "true" power
spectrum and a periodic component that depends on the time delay, as it can be
seen in the equation

Pν = |g̃(ν)|2 = |f̃(ν)|2(1 + b2 + 2b cos 2πνa) (1.7)

Assuming |f̃(ν)|2 as a constant function of ν, Pν should present a peak at the time
delay, a.

Results The method was tested on an artificial power spectrum with a known
time delay of 28 days. The result obtained for the control test was a ≈ 28.35± 0.56
days, while the autocorrelation presented a ≈ 27.85± 0.14 days. Applying the same
techniques to real data resulted in adbs ≈ 27.1± 0.6 days and aac ≈ 27.1± 0.45 days
for the double power spectrum and autocorrelation methods, respectively.

Comment The data from this article was studied by other researchers and the
conclusions drawn were conflictual. They found the blazar to be at quiescent state
in the high-energy range and suggested that the original article had detected the
Moon’s γ−ray emission, and therefore calculated the period of the Moon’s epicycle
instead [19].
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1. Introduction

1.5 Aim of the master’s thesis
In 2012, ALMA data were collected with the goal of studying the spectral absorption
lines of the interstellar medium of the lensing galaxy at z=0.89, taking advantage of
the blazar PKS1830−211’s continuum spectrum as background. The data revealed
an unexpected variability of the flux ratio of the NE flux over the SW flux, both in
time and frequency. After comparing the variability in radio and gamma wavelength
collected by the telescope Fermi-LAT, which monitors the blazar on a daily basis,
a strong γ-ray flare was detected at the same time as the radio measurements. And
thus a possible correlation between the γ-ray flare and the strong emission in radio
wavelength was established [26]. Later in 2014 more data were acquired with the
purpose of studying the molecular absorption.

In this project, both the new data from 2014 and with the previous one from
2012 are analysed with two main purposes. The first one is to obtain the time delay
between the core images NE and SW for a better constraint of the gravitational
lensing model. The second goal is to derive some properties of the radiation inherent
to the blazar (namely, spectral index and intrinsic light curve) from which several
conclusions about the jet physics can be obtained.
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2
Methodology

This chapter describes the techniques applied to the data collected by ALMA with
the aim of determining the time delay between the NE and SW core images of
PKS 1830−211. The study of flux density and flux ratio evolution of the blazar
during two different activity states, quiescent and outbursting, is explored to also
derive the spectral indices in 2012 and 2014 through numerical methods.

2.1 Data

The figures 2.1 and 2.2 show the measurements of the NE image flux density and flux
ratio between both components, NE image flux over SW flux, during two periods, in
2012 (between 6020 and 6100 MJD1) and 2014 (between 6760 and 6900 MJD). The
observed bands were 3, 6 and 7 which correspond to frequencies in the ranges 84 -
119 GHz, 211-275 GHz and 275-370 GHz, respectively. It is noticeable a sparse and
uneven distribution of measurements for each band, which requires spectral index
correction.

The data from the first period between 2012 April 09 and 2012 June 15 is
composed by 14 epochs. Due to the relatively constant flux ratio distribution at
around 1.4, this period was assumed to correspond to the quiescent state of the
blazar, when the blazar’s emission is minimum at radio band in this case. Later
between 2014 April 24 and 2014 August 27, both the NE flux and the flux ratio rise
as seen in the same Figures 2.1 and 2.2, sampled with 19 epochs. This is a strong
indicator of activity in the blazar.

For both sets of data, the standard uncertainty associated to the flux density
measurements is around 10-20%, whereas the uncertainty of the flux ratio is roughly
0.1%.The reason for this significant difference is that systematic errors, such as
atmospheric absorption or receiver’s response, affect the NE and SW images equally,
so all these effects are removed from the flux-density ratio. Therefore, the NE flux
intensity and the ratio fluxes of the NE over SW measurements are chosen to be
studied in this thesis.

1The Modified Julian Date, MJD, is primarily used in Astronomy and is a modification of the
Julian Day dating, JD, in the form of: MJD = JD - 2400000.5. The Julian day is a continuous
count of days since the beginning of the Julian Period.
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2. Methodology

Figure 2.1: Raw data of the evolution of the NE image flux density of PKS 1830−211 collected
with ALMA in 2012 and 2014. The NE flux density was quite steady in 2012 (between 6020 and
6100 MJD), while it dramatically increased in 2014 (between 6760 and 6900 MJD).

2.2 Method
Considering the NE flux intensity (FNE) and flux ratios (R = FNE/FSW ) at certain
frequencies (ν) and epochs (t) of PKS 1830−211, a method to determine the time
delay (τ) between the core images of the blazar was set forth, starting with the
spectral index correction and moving on to determining the light curve of NE(t− τ)
based on NE(t), as sketched in the Figure 2.3. The spectral index correction is an
essential step in order to be able to compare the NE fluxes at different bands. Thus,
they must first be scaled to the same fiducial frequency, for example, 100 GHz.

2.2.1 Spectral index correction
As describe by the flow chart in Figure 2.3, the first part of the analysis was the
correction for the spectral indices in 2012 and 2014, α12 and α14. They were ex-
pected to be potentially different due to the large time span between both sets of
measurements relatively to the time scale of the blazar’s variability. Once the spec-
tral indices were found, data were corrected taking into account that the fluxes were
approximately constant in 2012 and increasing in 2014.

A. 2012 Data

In 2012, small variations of the NE fluxes and ratios imply that the blazar was
almost at the quiescent state in mm/sub-mm wavelength, with low radio flaring
mode. It was then assumed that each measured NE flux during this period actually
corresponded to the uncorrected blazar’s absolute flux, the fiducial flux (F0), at a
certain reference frequency ν0. In order to find the absolute flux, the data were
linearised by working in logarithmic scale and the function (data - model) was
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Figure 2.2: Flux ratio evolution of PKS1830−211 observed with ALMA during 2012 and 2014.
The flux ratio varies in a wide amplitude range in 2014. A substantial decrease of the error bars
is also clear when performing the flux density ratio, due to the automatic exclusion of systematic
errors that affect both NE and SW components.

then minimised using the Python/Scyipy built-in numerical method of the standard
least squares fitting scipy.optimize.leastsq. The linearisation of data assured
the best performance of the algorithm. Then, the definition of spectral index was
used as a model, as

F = F0

(
ν

ν0

)α
. (2.1)

The input arguments were the measured FNE12 and corresponding frequencies ν12,
while the output fitting parameters were the spectral index α12 and the fiducial flux
F0,12, at a reference frequency, ν0, defined by the user, as for example 100 GHZ.

B. 2014 Data

Only after determining the quiescent flux ratio in 2012, was it possible to correct
the data in 2014. As the blazar was in outbursting state at this time, we assumed
a decoupling of frequency and time dependence of the flux evolution in the form of

F (t, ν) = G(ν) ·H(t) , (2.2)

with G(ν) corresponding to equation 2.1 and H(t) taking the form of a linear func-
tion to simplify, as H(t) = m∗ (t− t0). The variable t0 accounts with the possibility
that the radio flare became visible on Earth some time after the monitoring of
PKS 1830−211 had already started, so that there is a mixture of quiescent state and
flare mode in the 2014 data.

It followed once more the linearisation and minimisation of the expression
(data - model) using the Python/Scipy function scipy.optimize.leastsq to
obtain the spectral index, α14 and the linear function parameters, m and t0. The
input arguments were the reference frequency, F0, the NE flux density, FNE14 and
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Figure 2.3: Flow chart of the experimental method with two goals: determination of the time
delay between lensed images and the qualitative study of the jet physics. The data taken in 2012
and 2014 are identified with "12" and "14", respectively.

the respective frequencies and epochs. The reference frequency was chosen as in
2012, so that all data could be compared relatively to the same frequency reference
after correction.

2.2.2 Time delay
Once the data in 2014 was corrected, new values of NE fluxes corresponding to
the time t − τ could be derived from the SW lightcurve detected at t. In order to
understand the relation between time delay, observed flux ratio and quiescent flux
ratio, a timeline of PKS 1830−211 activity was sketched in Figure 2.4. Initially the
blazar is at quiescent state and its radio emission is constant, with a quiescent flux
ratio of Rq and NE lightcurve reaching Earth at a certain time τ earlier than the SW
counterpart. Then at time tem a flare is emitted by the blazar and the disturbance
from the quiescent state is first detected by the leading image NE at t and later in
the SW image at (t+ τ), with the same variation but different magnitude.

Even if the flare extinguishes, these different states of the blazar can be inferred
by the study of its flux ratio. For example, if the blazar’s activity rises, the NE
flux increases, FNE(t + τ) > FNE(t). As SW flux remains the same due to the
time delay, there is an increase of the ratio flux R(t) > R(t − τ). On the opposite
side, if the blazar’s flare starts to fade away, following the same way of thinking,
NE(t+ τ) < NE(t) so R(t) < R(t− τ). Finally, in case of constant emission, as at
quiescent ratio, the flux ratio does not change, R(t) = R(t− τ), and its value shows
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2. Methodology

Figure 2.4: Timeline of flare emitted by a certain gravitationally lensed object at time tem and
detected on Earth at different times t and t+ τ by each of the lensed images.

the relative magnification of NE and SW images.
It should be noted that the quiescent flux ratio, Rq, is the differential mag-

nification between the NE and SW images, which are constant and arise purely
due to the geometry of the gravitational lens. Therefore, Rq does not change with
time (considering that the relative positions of the blazar, galaxy and Earth remain
constant) and can be interpreted as the fixed relation between the NE flux and the
delayed SW flux for the same state of the quasar. For example, once a flare is de-
tected in the leading NE image, it takes the time τ for the SW component to be
updated. So the NE flux at the moment the flare is detected, t − τ , over the SW
flux at the time the same event is detected, (t), is the quiescent flux ratio, Rq, as
written in the first equation in 2.3. By combining this equation with the definition
of flux ratio at (t+ τ), it became possible to acquire information about past events
from the data collected at t, as shown in equation



Rq = FNE (t− τ)
FSW (t)

FSW (t) = FNE (t)
R(t)

=⇒ FNE (t− τ) = Rq

R(t) · FNE (t) (2.3)

It then became clear that the time delay between the NE and SW components
could be determined by calculating τ between the fluxes NE at t and NE at (t− τ).
While the NE flux at t was given directly by the data, the NE flux at (t− τ) could
be obtained from the flux ratio at quiescent state, NE flux and ratio flux at t.

As the blazar was at quiescent state in 2012, Rq was determined by considering
that all measurements of the flux ratio in 2012 corresponded to the quiescent flux
ratio. Therefore all the flux ratio measurements from this date were averaged as
Rq = < R12 >.

Because of the blazar’s outburst, the measured flux ratio evolution in 2014
is variable, which is the only condition needed to find a time delay between two
identical curves shifted in time. So the second set of data FNE,14(t−τ) was calculated
from the measurements of NE flux densities and flux ratios in 2014, according to
the equation 2.3. When plotting flux density in function of time, it was expected to
find the new set of delayed points presenting a similar shape to FNE,14, but affected
by a time shift.
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There were two implementations of the same minimisation method to deter-
mine the time shift between FNE,14 and FNE,14(t − τ). The first one was fitting
polynomial curves to both sets of data assuming equal parameters and accounting
with a variable for the time delay, according to the equation

f (t) = a+ b(t− τ) + c(t− τ)2 + ... (2.4)

The fitting was then performed with the Python function scipy.optimize.leastsq,
which concatenated both models because of the common parameters a, b, c.... In this
way, all parameters and data could influence and be influenced by all the others,
increasing the accuracy of the result. The output values were then the parameters
of the fitting curve and τ .

In the second method, the polynomial curves used in the previous method were
applied with the difference that the time delay τ was fixed to a given value. The
Python function then calculated the free parameters of the polynomial curve and its
reduced chi-square for each defined time delay, that varied from 10 to 50, with half
a day increments. In the end, there was a plot of the reduced chi-square in function
of the pre-defined time delays for each polynomial curve that were compared.

2.3 Implementation details

For the analysis of data, the general programming language Python was used due
to its libraries oriented for scientific and numeric computing, such as: SciPy, NumPy
and Matplotlib. In summary, SciPy provides easy-to-implement numerical rou-
tines, like integration and optimization, NumPy provides a vast range of tools to
manipulate numerical arrays and matrices and finally Matplotlib supports plot-
ting. For more information, the Python Software Foundation has made available
the Python Language Reference, for version 2.7.

The described method can be divided in five parts, as sketched in figure 2.5: the
main execution script main.py, the spectral indices calculation spectralindex.py,
the time delay calculation tdelay.py, the data plotting plots.py and the auxiliary
functions functions.py. The routines used for each calculation are also specified
in the figure.

The script starts by organising the data according to its year with arr_data()
and creates masks that differentiate their three different bands with bands(). Then
the data from 2012 is used to calculate the spectral index with spectral12() and the
value found is confirmed after performing a Monte-Carlo simulation with fluxes vary-
ing within their error bars, at mc_propag(). After the quiescent ratio is calculated
in main.py, the spectral index for 2014 is calculated and tested using spectral14()
and mc_propag() respectively. Finally with the corrected NE fluxes and quiescent
ratios, together with the epochs and flux ratios, the time delay between images is
calculated through two different methods, free_tau() and chisq(). In the end,
plots of the data and of the chi square present the results in a more visual way with
plt_flux() and plt_chisq().
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The functions.py script also contains auxiliary routines to perform and plot
the least-squares fitting scipy.optimize.leastsq, such as the definition of func-
tions and labels.

Figure 2.5: Architecture of algorithm implemented in Python.
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3
Results

This chapter presents the results obtained for the spectral indices in 2012 and 2014
and the time delay between NE and SW images, using the methodology described
in the previous chapter.

The plots in Figure 3.1 and 3.2 show the NE fluxes as a function of frequency
(upper subplot) and time (middle plot), as well as the flux ratios as a function of
time together with the quiescent flux ratio (lower subplot), for both periods in 2012
and 2014. In both cases, the assumed fiducial frequency was 100 GHz.

In 2012, a low variation of the corrected flux ratio is visible, between 1.2 and
1.6, and thus this spectrum is considered to reflect the quiescent state of the blazar.
An interesting consequence of the spectral index correction is the flatness of the
spectrum, with the NE flux averaging around the value 1.68 Jy. We found the spec-
tral index to be α12 = −0.77± 0.03, the fiducial flux F0,12 = 1.67± 0.05 Jy and the
quiescent ratio, R0 = < R12 > = 1.35.

On the other side, in 2014, both the evolution of the NE flux and the flux
ratio contrast with the steady tendencies identified in 2012. Not only is visible that
the NE flux density is varying from around 0.7 Jy to 2.5 Jy, but also the flux ratio
exhibits a small bump at around 6780 MJD, decreasing afterwards, but still higher
than R0. We found the spectral index to be α14 = −0.35± 0.09 and the parameter
F0,14 = 0.28± 0.26.

The uncertainties for the spectral indices and fiducial flux ratios for both years
were determined by Monte Carlo simulation and the histogram of the simulations is
shown in figures 3.3 and 3.4 for 2012 and 2014, respectively. The simulations were
run for 100,000 times for each year and the data distributed in 500 bins.

Finally for the estimation of time delay, both implementations present similar
results. By letting the time delay, τ , behave a free parameter, we obtained values
between 20 and 28 days, as shown in table 3.1. When performing the Monte Carlo
simulation for the specific case of a second degree polynomial, we obtained the
histogram 3.6, which average and standard deviation give a time delay of ∆t = 28±3.
Consistent results were obtained when calculating the minimised chi-square for each
predefined time delay, which varied from 10 to 50 days with increments of 0.5 days,
and for each polynomial fitting the data. Figure 3.5 shows the five chi-square curves
in function of a fixed time, for each of the five fitting polynomials. Each curve has
the minimum of the chi-square at around 28 days.
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Figure 3.1: Data from 2012. The upper plot shows the raw data of NE flux density as a
function of frequency. The middle one presents the NE flux density corrected for the fiducial
frequency 100Ghz as a function of time. The bottom plot shows the flux ratios as a function of
time, together with the quiescent flux ratio. This data corresponds to the quiescent state of the
blazar.
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Figure 3.2: Data from 2014. The upper plot shows the raw NE flux density as a function of
frequency. The middle one presents the corrected NE flux density as a function of time, together
with the best fitting curve. The plot in the bottom shows the flux ratios as a function of time. An
outburst is observable in the blazar.
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Figure 3.3: Data from 2012: Monte-Carlo simulation to determine the spectral index, α12,
and the fiducial flux. The algorithm was run for 100,000 trials and the results distributed in 500
bins. The values found for the spectral index and fiducial flux were α12 = −0.77 ± 0.03 and
f0,12 = 1.67± 0.05 Jy.

Figure 3.4: Data from 2014: Monte-Carlo simulation to determine the spectral index, α14,
and the fiducial flux. The algorithm was run for 100,000 trials and the results distributed in 500
bins. The values found for the spectral index and fiducial flux were α14 = −0.35 ± 0.09 and
f0,14 = 0.28± 0.26 Jy.
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Figure 3.5: Determination of the time delay by finding the minimised chi-square value given a
fixed time delay. This method was applied to 5 polynomials and each curve is constituted by 100
points equally spaced.
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Figure 3.6: Monte-Carlo simulation to determine the time delay between the lensed images of
PKS 1830−211. The blue histogram corresponds to the fitting of a linear function to the NE (t)
and NE (t−τ) flux densities, whereas the green one corresponds to the fitting of a second degree
polynomial. The algorithm was run for 100,000 trials and the results of the time delay distributed
in 100 bins. For both fitting curves, the time delay found was ∆τ = 28± 3 days.
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Fitting light curve H(t) Parameters Time delay Initial values
h = a (t− τ) + b a = 1.20e− 2

b = −8.03e+ 1
∆t = 27.78± 5.25 ∆t = 10

a = 1
b = 0

h = a (t− τ)2 + b (t− τ) + c a = 1.65e− 5
b = −2.13e− 1
c = 6.88 + 2

∆t = 28.35± 5.44 ∆t = 10
a = 1
b = 0
c = 0

h = a (t− τ)3 + b (t− τ)2 + ... a = 1.15e− 7
b = −2.34e− 3
c = 1.59e+ 1
d = −3.60e+ 4

∆t = 27.30± 6.60 ∆t = 10
a = 1
b = 0
c = 0
d = 0

h = a (t− τ)4 + b (t− τ)3 + ... a = 6.30e− 11
b = −1.11e− 6
c = 5.23e− 3
d = 4.28
e = −5.51e+ 4

∆t = 24.00± 5.77 ∆t = 24
a = 1
b = 0
c = 0
d = 0
e = 0

Table 3.1: Fitting parameters of polynomials functions used to determine the time delay between the NE(t) and NE(t− τ) light curves. The 4-degree
polynomial failed in converging to the right result, always presented the initial value as final result.
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4
Discussion

From the analysis of data, the determined time delay between lensed images was
∆t = 28 ± 3 days and the spectral indices were α12 = −0.77 ± 0.03 and α14 =
−0.35± 0.09. In this chapter, the meaning and implications of these results are dis-
cussed and compared to previously reported results. Furthermore, some limitations
of the methodology are pointed out.

4.1 Time delay
This is the first time that ALMA has been used to measure the time delay of
a gravitational lens. And despite the uneven small amount of data measured at
different bands, we found a value of ∆t = 28 ± 3 days for the time delay, a result
that is in agreement with previous studies. We can also confirm the robustness of
our result due to the consistent values obtained by two different implementations:
by fitting the time delay simultaneously to the lightcurve parameters or by fixing
it initially. Another interesting consideration was checking the performance of both
algorithms when using the 4-degree polynomial for the modelling. While the method
with time delay as free parameter saturated and always returned the initial condition
as final solution, the second method succeeded in identifying the corrected time delay
for the minimised chi square, regardless of the starting parameter values.

From the time delay between the core images it is possible to measure the
Hubble constant and refine the lens model, which in turn would allow the study of
the density distribution of dark matter surrounding the foreground galaxy. This is
not straightforward however, and is beyond the scope of this thesis.

4.2 Spectral indices
Both periods present negative spectral indices, with values characteristic of non-
thermal radiation, specifically synchrotron emission, which spectral index usually
varies around αsync ' −0.5 as mentioned before. From 2012 to 2014 the spectral
index decreased (in absolute value), which means that some event occurred causing
such release of energy that opacity effects were overcome. At the same time the
spectrum got flatter, there was an increase of the flux density in 2014, which is in
agreement with the 2014 flux ratios measurements above the fiducial flux ratio. That
implies a constant increase of the blazar’s brightness, as seen in 2.2.2. This tendency
can be explained by the outburst of a flare, that was continuously getting stronger,
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and therefore the SW image could not catch up the NE image to make the ratio go
down. As to confirm this idea, a clear peak in the flux ratio arises at around 6780
MJD. Unfortunately none of the polynomials fitted to the light curves succeeded in
describing this behaviour due to lack of data at precisely 27 days before, at 6753
MJD.

The spectral indices were calculated in a conservative regime by performing
Monte-Carlo simulations, and therefore the non-linearities that could interfere with
the calculations of the parameters from the minimisation of the chi square were
overcome.

4.3 Gamma–ray flare counterpart
We compared the radio emission detected with ALMA and the gamma–ray emission
detected by the Fermi-LAT during the same periods. The gamma-ray light curve in
Figure 4.1 shows gamma-ray outbursts during the time of our mm/sub-mm obser-
vations in both 2012 (from around 6020 to 6100 MJD) and 2014 (from around 6760
to 6900 MJD). Also according to the zoomed plot, the clear peaks of gamma–ray
flux densities present similar magnitudes. However, the response of the radio-flare
counterpart was much stronger and noticeable in 2014 than in 2012. Even though
small variations in both NE flux density and flux ratio are visible in 2012, we consid-
ered as being in radio range quiescent state. A possible explanation for the almost
absence of radio counterpart in 2012 is that the origin of the radio flare in 2014 was
the same as the gamma– ray flare, implying that the observations were very close to
the base of the jet. It is possible then to consider that both flaring events analysed
during the present thesis were caused either by different processes or in different
regions of the jet.

4.4 Limitations
Despite the agreement of the presented results with the literature, there are some
initial assumptions that could have lead to wrong results. For instance, it was
assumed the quiescent state of the blazar during the three months monitored in
2012, but still small variations in data existed that gain importance due to the high
accuracy of flux ratio measurements. In addition, the flux ratio were all larger than
the quiescent ratio obtained from the modelling, which was around 1.35± 0.12.

Regarding the developed code, for educational purposes the determination of
the different quantities presented (spectral indices, parameters of fitted functions
and time delay for instance) was computed in a modular way, where routines gave
outputs that served as input of the next routine. This means that the uncertainties
were propagated alongside the results. A better way to proceed with the data in
2014 would have been to concatenate all the mentioned variables in only one routine,
so that the respective uncertainties would have mutual influence on each other when
using the Python/SciPy built-in function scipy.optimize.leastsq. In this way,
the uncertainties could be slightly higher, but the results surely more robust.
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Figure 4.1: Gamma-ray light curve of PKS 1830−211, detected by Fermi-LAT on a daily basis
during the period from 55500.0 to 57400.0 MJD (from n2010 October 31 to 2016 January 13).
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5
Conclusion

Blazars are characterized by powerful highly directional outflows of energy. These
seem to have origin in a nuclear rotating supermassive black hole that is surrounded
by hot dense plasma in the accretion disk. The understanding of such distant objects
have implications in cosmology, jet physics and theory of relativity. In addition,
the gravitationally lensed blazar PKS1830−211 allows the study of the molecular
absorption of its lensing galaxy.

In this thesis the time delay between the lensed images of PKS 1830−211 was
calculated with the aim of constrain its gravitational lensed model. With this value,
together with other quantities like the galaxy’s mass distribution, it is possible to
calculate the Hubble constant, which is related with the age, size and expansion of
Universe. This requires further work as it requires the application of parameterised
models to describe the mass distribution the foreground’s galaxy. Data from the
NE image flux density and flux density ratios was collected with ALMA in 2012 and
2014, which corresponds to mm/sub-mm wavelength. The value found for the time
delay was ∆t = 28± 3 days, which is in agreement with previous studies.

We have also identified two different activity modes of the blazar PKS1830−211.
While the blazar appeared to be in low radio flaring mode in 2012, the circumstances
dramatically changed in 2014. Not only the absolute value of the spectral index de-
crease from 2012 to 2014 (α12 = −0.77 ± 0.03 to α14 = −0.35 ± 0.09), but also
there was a time evolution of the NE flux density and flux ratio. This suggests the
outburst of a strong radio flare in 2014. Interestingly, when compared the radio
flux density from ALMA with the γ−ray monitoring by Fermi-LAT, we found that
γ−ray flares were emitted during the time of our observations. While the radio
outburst coincided with a gamma-flaring in 2014, there was no radio counterpart in
2012.

For the data analysis different techniques were used so as to increase the robust-
ness of the results, such as optimization of the chi-square, Monte-Carlo simulations
and the study of time delay as a free variable or predefined parameter. Despite the
sparse and uneven data from three different bands, it was possible to determine a
value for the time delay in agreement with previous studies.

For the future, a better sampling of data could make it possible to understand
for sure when the blazar is at quiescent state. Then, the natural continuation of
this thesis is the determination of the Hubble constant by combining the calculated
time delay and other studies of the lens mass model. Finally, it could be interesting
to analyse the spectral index in a wider range of frequencies in order to study the
effects of chromaticity and the possibly different origins of radiation (close to the
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base of the jet or upper the stream).
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