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Uber die Erforschung von Quasaren und dem astrometrischen Mikrolin-
seneffekt mit dem Gaia-Satelliten

Zusammenfassung: Seit fast zwei Jahren scannt der Satellit Gaia den Himmel, um eine bisher uner-
reichte Positionsgenauigkeit bei Sternen zu erreichen und eine Vielfalt an Daten zu gewinnen. In dieser
Arbeit beschiftigen wir uns mit zwei verschiedenen Fragestellungen im Hinblick auf Gaia. Im ersten
Forschungsschwerpunkt ermitteln wir, welche der gewonnenen Gaia-Daten dazu geeignet sind, den Auf-
bau von Quasaren besser zu verstehen. Dazu simulieren wir die niedrig- und hochaufgelosten Quasar-
spektren, die von Gaias blauem und rotem Photometern bzw. vom Radialgeschwindigkeitsspektrometer
(RVS) erzeugt werden. Weiterhin untersuchen wir helle SDSS-Quasare, die eine Rotverschiebung auf-
weisen, bei der breite Emissionslinien (BEL) in den Spektralbereich des RVS fallen. Wir finden heraus,
dass niedrig aufgeldste Quasar-Spektren dazu genutzt werden konnen, um die Aquivalentbreite, Konti-
nuumsvariabilitit, und den so genannten Baldwin-Effekt zu untersuchen. Fiir etwa siebzig helle Quasare
wird Gaia zusitzlich hochaufgeloste Spektren aufnehmen, mit denen die Variabilitit der BEL anhand des
Linienprofils erforscht werden kann. Aus unseren Analysen folgern wir, dass Gaia eine grof3e Datenmen-
gen zur Verfiigung stellt, die man nutzen kann, um die Variabilitéit in Quasarspektren besser zu verstehen.
In unserem zweiten Forschungsschwerpunkt tragen wir dazu bei, astrometrische Mikrolinsenereignisse
in den Gaia-Daten besser vorherzusagen. Auf diese Weise kann zeitgleich die zugehorige Helligkeitsver-
dnderung beobachtet werden. Um unsere bereits publizierte Suche nach Mikrolinsenereignissen (Proft
et al. 2011) zu verbessern, vergroern wir den Suchradius um potentielle Linsensterne und iiberpriifen
erneut die Eigenbewegungen der Linsen. Aufgrund der Programmoptimierung finden wir fiinfzig neue
potentielle Mikrolinsenereignisse, von denen sechs berechnete Positionsverinderungen aufweisen, die zu
einem messbaren Gaia-Signal fithren konnen. Derzeit sind die Fehler der Messgrofien zu grof3, um zeit-
nah diese Ereignisse zu verfolgen. Wir werden beobachten, ob unsere Mikrolinsenvorhersagen eintreten
und kdnnen mit zukiinftigen Gaia-Daten prézisere Vorhersagen treffen.

On the Exploration of Quasars and the Astrometric Microlensing Effect
with the Gaia satellite

Abstract: For two years, the Gaia satellite has been scanning the sky to obtain an unmatched positional
accuracy of stars and a variety of data. In this thesis, we investigate two different kinds of questions
with respect to Gaia. In our first research focus we explore Gaia data that is suitable to learn more
about the structure of quasars. For this, we simulate low- and high-resolution quasar spectra as they
would be generated by Gaia’s blue and red photometers and the radial velocity spectrograph (RVS).
Furthermore, we investigate bright SDSS quasars with broad emission lines (BELs) redshifted into the
wavelength range of Gaia’s RVS. We find out that quasar low-resolution spectra enable the study of
equivalent widths, continuum variability, and the so called Baldwin effect. For about seventy bright
quasars, Gaia will obtain high-resolution spectra from which BEL variability can be studied using the
line profile. From our analysis we conclude that Gaia provides a large amount of data which we can use
for a better understanding of variability in quasar spectra. In our second research focus, we improve the
prediction of astrometric microlensing events with Gaia data. When we predict such events precisely,
we could plan to observe the corresponding photometric amplification simultaneously. To improve our
published search for microlensing events (Proft et al. 2011), we increase the search radius around a
potential lensing star and check once more the proper motion of the lenses. Due to the revision of our
program, we find fifty new potential microlensing events. Six have estimated positional changes that
could lead to a detectable Gaia signal. Currently, the errors of our calculated quantities are too large to
follow up the events in real time. We will monitor whether our microlensing predictions are correct and
with future Gaia data we can make more precise predictions in order to develop observational campaigns.
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Chapter 1

Introduction

For about four hundred years astronomers have been using telescopes to investigate the light of celestial
objects. In the early stages only ground-based telescopes were technically realizable and their resolution
was significantly improved over time. However, the resolution of earth-based telescopes is limited by
atmospheric turbulences (called seeing). Additionally, the atmosphere of our earth absorbs a major
fraction of infrared and ultraviolet radiation. For about sixty years now, astronomers have been using
space telescopes to avoid the seeing and the influence of weather on earth. These days, we are even able

to build space telescopes which orbit other planets in our solar system.

The current cornerstone mission of the European Space Agency is the Gaia satellite which success-
fully started to observe in 2014. The satellite is located in a stable position about 1.5 million kilometers
away from earth. Gaia is an astrometry mission but the data obtained by the satellite is interesting for
researchers working in many different astronomical research fields. The main goal of the satellite is
to produce a three-dimensional map of our galaxy containing positions, proper motions, and parallaxes
for about one billion stars and other celestial objects like quasars up to about 20th magnitude in G.
Gaia’s predecessor Hipparcos, which was observing about 25 years earlier, provided an astrometry with
positional accuracy of about one milliarcsecond for about 118,000 bright stars (V < 11 mag). Gaia’s end-
of-mission positional accuracy will be between 5 and 600 microarcseconds depending on the object type
and magnitude!. Hence for bright stars (V < 15mag) Gaia’s accuracy is about two orders of magnitude

better than the one of Hipparcos.

The fact that the Gaia satellite provides different instruments performing astrometric, photometric,
and spectroscopic observations allows us to study a variety of astronomical objects. Apart from con-
tributing to the understanding of star formation history and the measurement of stellar distances, Gaia
also gathers data useful for extragalactic astronomy. For example, Gaia investigates the dynamics, struc-
ture, and stellar populations in our local galaxy group and it determines constraints on the fraction of
matter and dark energy from quasar microlensing (Perryman et al. 2001). In the end, the Gaia mission
will provide processed data and archives with a size of about one petabyte and computer scientists have

to think of new ways to offer the data to the scientific community.

Uhttp://www.cosmos.esa.int/web/gaia/science-performance, accessed on April 13, 2016



CHAPTER 1. INTRODUCTION

1.1 Motivation

We focus on two very different research topics with respect to Gaia. First, we want to determine how
quasar spectra appear in Gaia’s low- and high-resolution wavelength range and what are the limits in
detecting variability within the spectra. Second, we provide a prediction of astrometric microlensing
events for nearby high proper motion stars in order to find promising events during the Gaia mission

extending Proft et al. (2011). In the following, we motivate our two different research focuses.

Quasar Spectra

Quasars are one of the most luminous objects in the universe. Hence we can observe them until large
redshifts (currently until z =~ 7) and study the early stages of many galaxies using quasar spectra. Dif-
ferent quasar spectra show some similar features like broad emission lines and a continuum that can be
described by a power law. However, there are also many differences between the spectra of individual
quasars. For example, different quasars show continua with various slopes, different line widths of broad
emission lines, and they can contain broad absorption line features. Most likely, distinct quasar regions
cause the various features visible in their spectra. The spectrum of a selected quasar varies with time. We
can observe quasar variability in their broad emission lines, broad absorption lines, and continuum on a
timescale between a few hours and some years. Furthermore, the different variability features can be de-
pendent but also independent from each other. In this thesis, we study the abilities of Gaia’s instruments
for detecting quasar spectra that have different redshifts and magnitudes. In particular, we focus on the
measurement of variability visible in quasar spectra with Gaia’s blue and red photometers and with the
radial velocity spectrograph.

Currently, the Sloan Digital Sky Survey (SDSS) provides the majority of quasar spectra. For most of
them one spectrum, and for a somewhat smaller fraction a few spectra are available within SDSS. Only
a small celestial region (SDSS Stripe 82) provides spectra of about 60 epochs for individual quasars (for
example, MacLeod et al. 2010). The resolution of Gaia’s low-resolution spectra is about one order of
magnitude smaller than the resolution of SDSS spectra (Rspss ~ 2,000). However, we expect that Gaia
is measuring three times more quasars than SDSS which additionally have 72 observations (on average)
for the low-resolution spectra and 40 observations (on average) for the high-resolution spectra. In this

context, Gaia provides the opportunity to investigate quasar variability for an immense amount of objects.

Astrometric Microlensing of Stars

When we observe distant source stars with Gaia, it can happen that a closer star deflects the light of the
background star such that Gaia measures a slightly different source position. This effect, which is called
astrometric microlensing, is reasonable due to Einstein’s general relativity. Because Gaia’s main goal is
to measure precise positions of stars at different epochs, the satellite is very suitable for the detection of
stellar astrometric microlensing events. In addition to a displacement of the source position, the source
becomes brighter which we define as photometric microlensing effect. When we are able to observe both,
the astrometric and the photometric microlensing event, we can calculate the mass of the lensing star to
high accuracies of a few percent. In comparison to the positional shift, we can measure the magnitude

amplification only to much smaller angular distances between lens and source. Due to this, the timescale
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1.2. RESEARCH QUESTIONS

of astrometric microlensing events is much larger than for the corresponding photometric event. Gaia’s
scanning law is suitable to detect long-term variations between some weeks and a few years. Hence the
satellite will miss the majority of source amplifications and complementary ground-based observations
are ideal to add the photometric information. In this context, the prediction of stellar microlensing events
is very helpful to improve the amount of microlensing data.

Currently, the Gaia community uses science alerts when the satellite measures a positional shift of
stars. Due to Gaia’s scanning law, some astrometric microlensing events will not be detected in time
to cover the full light curve with ground-based telescopes. Furthermore, with the end of Gaia mission,
we would need precise microlensing predictions in order to measure stellar astrometric and photometric

microlensing events simultaneously.

1.2 Research Questions

In the first part of this thesis, we want to contribute to understand the kind of quasar variability that
will be visible in Gaia’s different quasar spectra. In this context, we want to give suggestions what
astronomers have to consider or organize before the end-of-mission. For this, we plan to answer the

following questions:

e How do the quasar spectra appear in Gaia’s low-resolution spectra?
For this analysis, we have to simulate those spectra considering technical details of the blue and

red photometers.

e How many quasars have observable spectral lines in Gaia’s high-resolution spectra?
Due to the magnitude limit of the radial velocity spectrograph (Grys < 16 mag), we expect only a

small number of quasars with measurable lines.

o What kind of quasar variability is detectable in the low- and high-resolution spectra?
Especially, we have to analyze variability of the quasar continuum, the broad emission- and broad

absorption lines, and the narrow emission and narrow absorption lines.

e How can we study the structure of quasars from Gaia’s variability measurements?
For this question, we need to analyze potential reverberation mapping campaigns. Furthermore,

we have to analyze the profile of spectral lines detectable in Gaia’s high-resolution spectral range.

o Are there possibilities for complementary ground-based observations in addition to Gaia’s low-
and high-resolution spectra?
We have to consider the information that we will obtain from Gaia’s preliminary data releases.

Additionally, we can look for known quasars with strong variable features.

Additionally, we plan to improve the number of microlensing detections that have the necessary
astrometric and photometric information in order to calculate precise stellar masses. On the one hand
we want to improve those detections within the Gaia mission. On the other hand we wish to contribute
to establishing stellar microlensing as a common tool for precise mass measurements of stars. For these

predictions, we want to answer the following three questions:



CHAPTER 1. INTRODUCTION

e How can we extend our previous microlensing study (Proft et al. 2011) in order to predict new
events?

Therefore, we need to analyze and improve the parameters of our previous microlensing program.

o What are the expected centroid shifts and dates at closest approach between lens and source for
these events?
The quantities are important in order to conclude whether Gaia is potentially able to detect the

events.

o Are there possibilities to improve the current uncertainties in our calculated quantities?
Due to the astrometric accuracies of current star catalogs, these microlensing quantities had large

uncertainties in our published research.

In Chapter 8, we discuss whether the questions have been answered and the goals have been reached.

1.3 Outline

Starting with this introduction, we organize the thesis into eight chapters. In Chapter 2, we describe
the different instruments of the Gaia satellite and emphasize their physical characteristics that are most
important for our investigations. Furthermore, we explain Gaia’s observing modes which influence the
variability studies of quasar spectra and the detection of stellar microlensing events.

In Part 1 of this thesis, we investigate quasar spectra with Gaia. We published the results of this
exploration in our paper Proft & Wambsganss (2015). We introduce this part by explaining the standard
model of cosmology in Chapter 3. Moreover, we present the current understanding of quasars and their
common distinction to other active galactic nuclei. Our quasar research comprises the simulation and
study of their expected low- and high-resolution spectra for different redshifts and magnitudes with the
Gaia satellite on the basis of a template spectrum and several SDSS spectra. Especially, we evaluate the
potential quasar variability analyses using these spectra. We present our results on Gaia’s quasar spectra
and the variability within the spectra in Chapter 4. Afterwards, in Chapter 5, we search for individual
SDSS quasars that have certain redshifts for which a broad emission line falls in the high-resolution
spectrum produced by Gaia’s radial velocity spectrograph. We apply this analysis for the originally
proposed and for the revised magnitude limit of the instrument.

In Part 2 of this thesis, we analyze the stellar astrometric microlensing effect mainly with respect to
Gaia but also with respect to the VLT instrument SPERE. For this analysis, we improve our microlensing
predictions published in Proft et al. (2011) (see also Proft 2010). In Chapter 6, we describe the photo-
metric microlensing effect, the astrometric microlensing effect, and Gaia’s chance to detect both effects.
In Chapter 7, we predict astrometric microlensing events during the Gaia mission using nearby stars as
lenses that have proper motions larger than 0.15 arseconds per year. Furthermore, we evaluate the events
that have centroid shifts that are theoretically observable with the satellite.

At the end, in Chapter 8, we summarize our quasar and astrometric microlensing investigations with
Gaia. Additionally, we evaluate the use of preliminary data releases and the final catalog of the Gaia

satellite for both science focuses.



Chapter 2

The Gaia Satellite

For about two years the satellite scans the night sky in a predefined pattern. To obtain reliable data
distributed over the whole sky with sufficiently high accuracies, 18 months of data are necessary and their
evaluation afterwards (Jordan 2008). Due to this, Gaia data is not available yet. The first data release
is proposed for late summer this year (September 2016). It will contain information on right ascension,
declination and the Gaia G magnitude (see next section). Furthermore, the first release will cover about
90% of the sky. For dense fields more measurements have to be taken for the evaluation. Additionally,
for about 2.5 million Tycho 2 stars, the first data release offers proper motions and parallaxes. The next
interesting data publication for our purpose is the third data release which is proposed for summer 2018.
Among others, it contains the low- and high-resolution spectra generated by Gaia’s instruments. We
expect the final catalog at the earliest in 2022.!

In the following, we present Gaia’s equipment and explain the functional principle of the main in-
struments. In addition to this, we describe how Gaia scans the sky and how many observations we can

expect after the end of the mission.

2.1 The Equipment and its Functionality

The spacecraft Gaia has three major modules: the payload module, the mechanical service module, and
the electrical service module. In the following, we will only focus on the payload module because it
contains all optical instruments and it carries the telescopes. We find most of the technical details of the
different instruments that we describe in this section on the main Gaia web pages.>->

The satellite provides two telescopes which share one focal plane. Gaia’s focal plane is largest ever
developed for a space mission and it consists of 106 CCDs and about one billion pixel. In Figure 2.1,
we show Gaia’s focal plane. Its main instruments are the sky mapper, the astrometric field, the blue
photometer (BP), the red photometer (RP), and the radial velocity spectrometer (RVS). On the focal
plane, the light signals of stars and other objects transit the CCDs from left to right which we call
along scan direction (perpendicular to this is the across scan direction). At first, the sky mapper detects
the photons for all objects that have an apparent (visual) magnitude between 6mag < G < 20mag and

it generates a window around them. In order to avoid large data volumes and to reduce the readout

Uhttp://www.cosmos.esa.int/web/gaia/release, accessed on April 17, 2016.
Zhttp://www.cosmos.esa.int/web/gaia, accessed on April 17, 2016.
3http://sci.esa.int/gaial, accessed on April 17, 2016.
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Figure 2.1: The two telescopes of Gaia share a focal plane with 106 CCDs. The main instruments are the sky
mapper, the astrometric field, blue and red Photometer, and the radial velocity spectrograph (image: ESA).

noise, the focal plane CCDs only readout the information in this window. The Astrometric Field of the
focal plane is responsible for the detection of object positions. Its unfiltered (white) light is defined as
Gaia G magnitude. In addition to the astrometric field, the object image crosses the blue and then the
red photometer CCDs. By using dispersive prisms, BP and RP generate low-resolution spectra. The
integrated flux of the BP and RP spectra delivers the broad band magnitudes Ggp and Grp (Jordi et al.
2010). After passing the photometers, the objects transit the RVS which provides a high-resolution
spectrum. The integrated flux of this spectrum yields the magnitude Grys which has to be brighter than
16th magnitude in order to offer a spectrum for the individual objects (for example, Perryman et al. 2001,
Jordan 2008, de Bruijne 2012).

The low-resolution spectra cover the wavelength range between 3,300A < A < 6,800A (BP) and
6,400A < A < 10,000A (RP), respectively. Their dispersion strongly depends on the wavelength and
we will describe those values for both spectra in Chapter 4.2.1. The narrow wavelength interval of the
high-resolution spectrum from the RVS is selected with respect to the Call triplet of stars to 8,470 A <
A < 8,710 A (Jordi et al. 2010). Its high resolution amounts to R = A /AA = 11,500 for bright stars (my <
11 mag) and R = A/AA = 5,000 for the faint magnitude limit. In Figure 2.2, we show the normalized
photon response as a function of wavelength for Gaia’s pass bands G (black line), Ggp (blue line),
Grp (red line), and Grys (green line). In the figure, the wavelength is plotted in unit nanometer. But
throughout this thesis, we select the unit angstrom to describe the wavelength.

On the Gaia web page we find the scientific performances as a function of the visual magnitude my
after the commissioning phase*. In Table 2.1, we show selected values of the astrometric, photometric,
and spectroscopic accuracy for a solar like star at the end of the Gaia mission. The column astrome-
try lists the accuracy in measuring parallaxes, the column photometry shows the accuracy of detecting
the integrated BP and RP flux, and the column spectroscopy presents the accuracy of radial velocity

measurements for visual magnitudes my < 12 mag, 15 mag, and 20 mag.

“http://www.cosmos.esa.int/web/gaia/science-performance, accessed on April 15, 2016.

6



2.1. THE EQUIPMENT AND ITS FUNCTIONALITY
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Figure 2.2: In the diagram, we show the normalized photon response as a function of the wavelength. The
white light of the astrometric field results in the G-band magnitude (330 to 1050 nm) shown as black curve.
The blue and red photometers (BP in blue, RP in red) produces pass bands between 330 to 680 nm and 640 to
1,050 nm, respectively. In comparison to BP and RP, the radial velocity spectrograph (RVS, green) provides
a small wavelength range of 847 to 871 nm (Jordi et al. 2010).

Magnitude my | Astrometry Photometry Spectroscopy
< 12 mag 5—14puas 4 mmag 1 km/s
15 mag 24 nas 4 mmag 15 km/s
20 mag 540 pas 80 mmag (BP), 60 mmag (RP)

Table 2.1: We list the current science performance for astrometry (parallax accuracy), photometry (BP/RP
magnitude accuracy), and spectroscopy (radial velocity accuracy) after five years of Gaia’s observations.



CHAPTER 2. THE GAIA SATELLITE
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Figure 2.3: The image shows the number of focal plane transits as a function of ecliptic coordinates. The
color gradient from black to red presents celestial regions that are getting between 40 and 200 observations
after the end of the mission (image: ESA).

2.2 Nominal Scanning Law and Observing Modes

The two telescopes of Gaia observe simultaneously in two fields of view which have a separation, called
basic angle, of 106.5 degrees. With a rotational period of six hours, Gaia moves around its axis which
corresponds to 60”/s. In this way, the second field of view detects a particular image 106.5 minutes after
the first field of view. Due to Gaia’s rotations, called nominal scanning law, individual objects will be
observed several times within a day. After several subsequent measurements, there is an observational
gap of weeks or months depending on the sky field. Celestial objects have sets of subsequent measure-
ments at three or more different epochs after six months of Gaia observations (Jordan 2008). There are
about 50 million transits each day and for every observation we obtain astrometric field, BP, and RP
information. In Gaia’s lifetime of five years, each object will get 72 focal plane transits considering a
combined field of view. Taking the focal plane design into account, we expect 72 measurements for the
astrometric field, BP and RP but only 40 observations (combined field of view) for the RVS. In Figure
2.3, we present the number of focal plane transits of the combined field of view as a function of ecliptic
coordinates. The color gradient (black to red) indicates the number of measurements within five years.
We see that there are celestial regions, ecliptic latitudes of about +45°, where the satellite observes in-
dividual objects about 200 times. However, some regions are only covered 40 times. Because of Gaia’s
scanning law, we assume five subsequent measurements for a single epoch for our research with BP and
RP in this thesis (U. Bastian, priv. comm.). Due to the focal plane design, we select three subsequent
measurements (5 -4/7) for the RVS accounting for four rows of CCDs instead of seven rows for all
other focal plane instruments. Additionally, we consider observing gaps of typically two months in our

discussions.



2.2. NOMINAL SCANNING LAW AND OBSERVING MODES

Subsequently to Gaia’s commissioning, Gaia observed 28 days in a special scanning law which cov-
ered the region of the ecliptic poles. The results of this program are very useful for short-term variability
measurements and we will discuss potential applications in this thesis. Directly after the particular
ecliptic pole observations, the nominal scanning law has started to operate and it will last until the end-
of-mission (Jordi 2015).

As explained in the introduction, we study two different celestial objects: quasars that show vari-
ability in their spectra and high proper motion stars that operate as lenses. For both type of objects, the
nominal scanning law is important in order to detect short- or long-term variability within the spectra or
to measure the microlensing signal in Gaia’s data. For this, we will consider the nominal scanning law

in our discussions and perspectives.
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Analyzing Quasar Spectra with Gaia







Chapter 3

Introduction

! The main research objects of our investigations are quasars. The name quasar ("quasi stellar radio
source") refers to their first discovery in radio surveys in the 1950s (e.g., Peterson 1997). At first, quasars
were thought to be stars with abnormal spectra due to their apparent brightness and point-like behavior.
Maarten Schmidt (1963) was the first who explained the spectrum of the radio source 3C 273 and the
important consequence for cosmology. He concluded that quasars have a huge distance to the earth and
therefore their spectra are shifted towards higher wavelengths. Theoretically, the spectral lines observable
in quasar spectra should have wavelengths Ag, but the measured wavelengths A are higher by a factor
1 4z (Kembhavi & Narlikar 1999). The quantity z is the cosmological redshift,

_ Ak
Sy ra

which is interpreted as a consequence of an expanding space. Hence the observation of cosmological

z 3.1

redshifts is consistent with the Big Bang theory and contradicts the Steady State theory which was com-
peting with the big bang theory when Schmidt (1963) analyzed 3C 273. If we use Hubble’s law to
estimate the quasar distance in an expanding universe, we can estimate the distance locally (z < 1) by
(Hubble 1929; Planck Collaboration et al. 2015)

km

d=" with Hy~67.4

. 3.2
Hy s-Mpc (3-2)

Therefore, 3C 273 has a distance of d ~ 700 Mpc considering its redshift of z = 0.158. In our work,
¢ =299,792,458 m/s is always the speed of light in vacuum. Furthermore, for small redshifts the factor
¢ -z is equal to the Doppler velocity v. Considering Hubble’s law and the distance modulus, the absolute
magnitude of quasars would be

M=m—5log = _25. (3.3)
Hy

The apparent magnitude m for quasar 3C 273 amounts to my = 12.9mag. Calculating its absolute magni-
tude, the source is about 100 times brighter than our Milky Way. Prior to Schmidt’s discovery, researchers
did not know energy phenomena that can produce such enormous radiation.

In the first section of this chapter, we describe the actual standard model of cosmology. Afterwards,

in section two, we present the model of quasar structures and radiation processes that is most likely

IPart I cover image: https://ned.ipac.caltech.edu/level5/March04/Torres/Torres2_4.html
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CHAPTER 3. INTRODUCTION

according to the current research. Furthermore, we give a short summary of the difference between
quasars and other active galactic nuclei (AGNSs). In the third section, we discuss the distinct variability

scenarios observable in quasar spectra and their physical background.

3.1 Standard Model of Cosmology

In our universe there are four fundamental forces, but only gravitation and electromagnetic force are
effective on large scales. On average the matter in space is electrically neutral and hence gravitation is
the essential force. Albert Einstein described the gravitation in his general relativity (Einstein 1916).
Shortly after, Friedman (1922) used the field equations of Einsteins theory to express the equations of

motion of our universe. The Friedman equations

N\ 2 2
a 8nG kc A

H=(=) =""p-—" 4+ 3.4
<a> TPt (3.4)

a 4 1
—=——nG(p+3p/c*)+=A 3.5
- 37 (p+ p/c)—i—3 , (3.5)

contain the scale factor :

a=—, 3.6
1+z (36)

the cosmological constant A, the curvature constant k, the gravitational constant G, the energy density
P, and the isotropic (location-independent) pressure p. Depending on a positively curved, spatially flat,
or negatively curved geometry of our space-time, the curvature could be k = 41, 0, or -1. The Hubble
constant Hy, used in Equation 3.2, is equal to the Hubble parameter H (a) for the scale factor a = 1 at the

current time. We define a critical density
pei = 3.7)
T 8nG '
which allows to derive the curvature of the space-time. When observers measure an energy density in
our universe that is larger than the critical density, kK becomes positive and the universe could end in a big
crunch. On the opposite, a density smaller or equal to the critical one leads to a negative curvature and a
continuously expanding space.
To find the best fitting model that describes our universe, researchers have to explain many observed

phenomena, the most important are (Schneider 2006):
e accelerated expansion,
e large scale structure (homogeneous and isotropic on scales larger than 100 Mpc),
e Cosmic Microwave Background (CMB) and its structure,
e Big Bang Nucleosynthesis (abundances of light elements).

Currently, the best model that explains the observations is the ACDM model (lambda cold dark matter).
It considers a flat geometry (k = 0), a positive cosmological constant A, and cold dark matter (CDM).
Current research interprets A = 8TGPyacuum/c> as a constant vacuum energy density, associated with

so called Dark Energy, that increases the acceleration of the universe (Carroll 2001). The name cold
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3.1. STANDARD MODEL OF COSMOLOGY

dark matter reflects that we can not observe dark matter directly, we can only observe its gravitational
interaction with "normal" matter. Furthermore, the CDM particles are not relativistic (vegm < ¢) and thus
cold. In the ACDM model our universe is about 13.8 billion years old (for example, Planck Collaboration
et al. 2015).

Considering the ACDM model, we can rewrite the first Friedman equation in a dimensionless formula

to
H(a) = Hy\/Qua=3 + Qa4+ Qp (3.8)
with
m,r,A m,r,A i
Y =) —=1 (3.9)
i 7 Perit

The three ; are the energy density parameters of matter, radiation (neutrinos and photons), and dark
energy normalized with the critical density. At current time, one expects a tiny radiation energy density
of Q, ~ 10~*. Observations like Planck Collaboration et al. (2015) suggest a matter density of &, =
0.31 = 0.05 + 0.26 (baryonic matter plus cold dark matter). Hence the dark energy has the highest
fraction (25 = 0.69). We have to emphasize that, if the model is correct, we know almost nothing about

95% of the content in our universe (dark matter and dark energy).

An important topic in cosmology is the question how far objects are away for a given redshift. If
we know the distance of cosmological objects, we are able to infer the age and energy density of the
universe. In addition to this, we would get a better understanding of dark energy. The Hubble Equation
3.2 is only valid for small redshifts (z < 1). For larger redshifts, we have to distinguish between several
distances, for example, comoving, luminosity, and angular diameter distance. The comoving distance

(Jackson 2015)
dz

deom=¢ | —=

com H(Z)

is time independent and is the distance at which the signal is emitted. The angular diameter distance
(Jackson 2015)

(3.10)

— Dcom
1+z

uses the observed apparent angular size of extended objects to estimate their distance. Furthermore, we

Dy 3.11)

can calculate an object distance that results from its luminosity (Schneider 2006; Jackson 2015),

Dy =

AnF (z< 1), (3.12)

and
D= (142)* Dy (3.13)

where L defines the luminosity and F the flux. We can express all distances as a function of the comov-
ing distance which in turn depends on the cosmological model used in Equation 3.8. For small redshifts
z < 0.1 all distances are equal whereas for large redshift they diverge dramatically. To infer distances
of objects with large redshifts and to test different cosmological models, we need distant objects that
are suitable as standard candles or standard rulers. Standard candles are objects for which we know the
luminosity and standard rulers are objects for which we are aware of the physical size. For example,

type la supernovae are important standard candles in cosmology because they have nearly identical light
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curves and they are visible up to redshifts of z~ 1.7 (Watson et al. 2011). By using the distance measure-
ments of these supernovae, Riess et al. (1998) and Perlmutter et al. (1999) discovered that the supernovae
brightnesses are smaller than expected. Hence the expansion of the universe seem to be accelerated due
to dark energy. If we want to study cosmological parameters for larger redshifts, one would need ex-
tremely luminous objects with very large redshifts. Therefore, quasars or other near-face-on AGNs are
the most suitable candidates for this analysis (Watson et al. 2011). Currently, the accuracies of such AGN

Hubble diagrams are not sufficient to use them as standard candles.

3.2 The Nature of Quasars

3.2.1 Quasars and Active Galactic Nuclei

Quasars are Type 1 AGN, characterized by broad emission lines (BELs) with line widths of several tens
of Angstroms in the quasar rest frame. Figure 3.1 shows their typical spatial structure schematically
and on a logarithmic scale. Quasars contain super-massive black holes (SMBHs) with masses of 10° to
10'°M,, that are surrounded by an accretion disk. The accretion disks are typically smaller than 0.01 pc
(Morgan et al. 2010). The gravitational accretion of gas and dust on this accretion disk produces the
continuum emission of quasars. The surrounding broad emission line region (BLR) is smaller than or
equal to ~1 pc and consists of clouds excited by accretion disk radiation. Cloud velocities larger than
500km/s cause the BELs in this region. Because of high gas densities in the BLR, only permitted and
semi-permitted broad emission lines occur. Farther out, there is a narrow line region (NLR) with cloud
velocities about ten times smaller. The relation between the radius R and velocity v is R ~ v72 (e.g.,
Peterson & Horne 2004). Hence, the size of the NLR is about 100 pc. Due to smaller gas densities in
the NLR, the narrow emission lines (NELs) are forbidden lines. Farther out, an expanded dusty torus
surrounds the NLR region in quasars. The surface brightness of quasar host galaxies sharply decreases
with redshift and hence the host galaxy is only visible for small redshifts (e.g., Disney et al. 1995; Bahcall
et al. 1995; Kotilainen et al. 2009).

Quasar spectra typically have a very blue continuum and a number of broad emission lines. The
spectra vary a lot from quasar to quasar. Their typical features can be best seen in composite quasar
spectra, like that of Vanden Berk et al. (2001). It considers about 2,200 quasars from the Sloan Digital
Sky Survey (SDSS) with red magnitudes ¥ < 19 for z < 2.5 and ¥/ < 20 for higher redshifts. Throughout
this thesis, we use this composite quasar spectrum by Vanden Berk et al. (2001) as a template (from now
on denoted as VB2001), covering a rest-frame wavelength range between 800 A and 8,555 A. Figure 3.2
shows the VB2001 spectrum together with the low-resolution (light blue area, 3,300 A-10,500 A) and
high-resolution (dark blue area, 8,470 A-8,710 A) wavelength regions of Gaia. In the plot we label the
significant broad emission lines Ha, HB, Mgll, CIII], CIV, and Lya. These BELs play an important
role in our study.” We are primarily interested in these five lines because they are the most frequently
analyzed BELs in literature which are visible over a wide redshift range.

The prominent features in quasar spectra are emission lines. However, many quasars show different
kind of absorption lines as well. For example, Peterson (1997) describe three classes of absorption lines:

broad absorption lines (BAL), narrow absorption lines (NAL) of heavy elements like carbon or oxygen,

2Until here, this Section is a slightly changed excerpt of Section 1.2 described in our paper Proft & Wambsganss (2015).
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Accretion Disc i o -
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Figure 3.1: Sketch of the assumed geometry of a quasar on a logarithmic scale (based on Urry & Padovani
1995; Beckmann & Shrader 2012): from the inner to the outer parts quasars host a super-massive black hole
(SMBH), an accretion disc, a broad line region (BLR), a narrow line region (NLR), jets, and a dusty torus.
Image from PW2015.

and the Lyman-alpha forest. Most likely, ionized gas within the quasar is responsible for broad absorption
lines. Furthermore, the host galaxy can absorb narrow lines which have a similar redshift as the quasar. If
the redshift of a NAL is smaller than the emission line redshift, a galaxy or its halo between observer and
quasar causes the absorption. A large number of neutral hydrogen clouds between quasar and observer
at many different redshifts absorb quasar light shortwards of the Lyman-alpha BEL. For this reason, one

calls these numerous absorption lines Ly forest.

The origin of the quasar continuum is non-thermal but with thermal components. We can describe
the spectral energy distribution (SED) of the continuum by a power law f; ~ A% with wavelength index
o, (VB2001). The region of optical and ultraviolet emission with wavelengths shorter than 4,000 A is
called "big blue bump". Another noticeable feature between 2,000 A < A < 3,000 A (close to MgII) is the
"small blue bump" which consists of blended singly ionized iron (Fell) emission lines. In addition to the
UV and optical emission due to gravitational infall on the accretion disk, there are further contributions to
the continuum. For example, the infrared radiation results from hot dust with temperature up to 2,000 K.
In comparison to this, Synchrotron emission causes the flat and non-thermal radio continuum visible in
about 10 % of all quasars (Peterson 1997). Moreover, in radio-loud quasars inverse Compton scattering
plays an important role. In this scenario the low energy photons are scattered to higher energies by
relativistic electrons located in a hot corona surrounding the accretion disk (Hsu & Blaes 1998).

Apart from quasars many different kind of active galactic nuclei (AGN) exist and there are several
possibilities to divide distinct AGN types. Other AGN are, for example, Seyfert galaxies, Radio galaxies,
and Blazars. Quasars are the most luminous of all AGN. Their luminosities are up to 1,000 times larger
than the luminosity of our Milky Way. Current research explains the existence of several types of AGN
not only with intrinsical phenomena, but also with orientation effects. The AGN spectra have different

characteristics for objects where we can look through the inner regions or even in the jet than objects
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Figure 3.2: Rest frame (z = 0) composite quasar spectrum with data from Vanden Berk et al. (2001). Visible
are the important broad emission lines Lya, CIV, CIII], MgIl, HB, and Ha. The blue areas indicate the low-
resolution spectral region of Gaia (light shaded) and the region of Gaia’s radial velocity spectrograph (dark
shaded). Plot from PW2015.

where the NLR or torus hide the nucleus. Similar to quasars, Seyfert galaxies are also aligned near-
face-on and hence they are type 1 AGN. Seyfert galaxies are Spiral galaxies that are less luminous than
quasars. In comparison to them, Radio galaxies are elliptical galaxies with strong radio emission. Both
Seyfert and Radio galaxies show narrow emission lines (NELs) and sometimes also BELs in their spectra
depending on their viewing angle to us. If an AGN jet has an orientation close to the observer, we can
measure strong polarized emission that is very variable on short timescales of order days. Such objects

(called blazars) have strong radio emission due to the synchrotron mechanism.

3.2.2 Variability of Quasar Spectra

An important property of quasars is their variability which often occurs in the whole wavelength range, in
the continuum, in the emission lines, and in the absorption lines. In many cases, the magnitude variations
are larger than 0.1 mag (Peterson 1997). The investigation of quasar variability increases the knowledge
about quasar structures and their energy processes.

The main reason for variability visible in quasar continua is not well understood. Reasonable expla-
nations are instabilities of the accretion disk and a variable accretion rate. In principle, also gravitational
microlensing, jet instabilities, or supernova bursts could be responsible for some spectral changes (An-
drei et al. 2009; Popovié et al. 2012). Because X-ray detected quasars are much more variable than
others, Collin-Souffrin (1991), George & Fabian (1991), and Gil-Merino et al. (2012) suggest that re-
processed X-ray photons from the corona (into UV-optical continuum) could induce short or medium

timescale variability. It exists a correlation between the variability that we can see in a quasar continuum
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and in the BELs. Due to light travel-time effects, the accretion disk radiation arrives in a mean time 7
(quasar rest-frame) at the BLR clouds. These clouds are thought to absorb the energy and then re-emit
radiation visible as BELs in quasar spectra. If the continuum shows variability, we can observe these

variations in the BELs because of the cosmological time-dilation after a time
v =1-(1+2). (3.14)

Studying the BEL response to continuum variations is referred to as reverberation mapping (for exam-
ple, Peterson 1993 and Chelouche et al. 2012). If we determine the time lag, we can estimate the size of

the BLR separated from the continuum region by
RBEL ~cCc-T. (315)

The dimension of distinct quasar regions depends on the mass of the black hole. If we can measure the
BEL full width at half maximum (FWHM) together with the time lag, it has been found that we can
characterize the mass of the black hole to (Peterson et al. 2004; Chelouche et al. 2012)

FWHM km \ >
Msppn = 2.7-10° () oM (3.16)
103 s days

To study BELs and their variability, more often one determines the equivalent widths instead of the
FWHM. In comparison to the FWHM, the BEL equivalent width does not depend on the resolution of
the spectrograph. The equivalent width is defined as (Peterson 1997)

Fi()L) - Fcont(l) Fiine
w :/—d)L R 3.17
A Fcont( ) Fcont(l) ( )

with integrated line Flux Fjj,, line flux at distinct wavelength F{(A), and continuum flux underneath the
BEL Feont(A).

The time lags in quasar spectra discovered by reverberation mapping are between hours and years
(Vanden Berk et al. 2004). But in many cases, the timescale lies between days and some years. For
example, MacLeod et al. (2012) analyzed a large sample of SDSS quasars and measured optical con-
tinuum variability timescales between Sdays < T < 2,000days. Kembhavi & Narlikar (1999) define the

variability amplitude by the root mean square dispersion

o= ! ! N(F <F>)? (3.18)
S <F>\N-15"" '
with mean flux
lN
<F>=—) F, 3.19
NLF (3.19)

whereby N is the number of data bins.

The most important continuum and BEL variability dependencies are (Peterson et al. 2004; Meusinger
etal. 2011):

e the variability amplitude decreases with wavelength
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o the time lag increases with wavelength
e the variability amplitude decreases with luminosity
e the anti correlation of BEL equivalent widths with the luminosity of the close-by continuum).

Baldwin (1977) first discovered the latter effect by studying the CIV line equivalent width. This anti
correlation (Wery ~ L;LO'”) is called Baldwin effect and could be detected also for other BELs, but the
physical background is still not understood (Wilhite et al. 2006). Wilhite et al. (2005) analyzed a sample
of 315 SDSS quasars spectroscopically and explored that the strongest BEL equivalent widths vary only
30% as much as the close-by continuum.

About 10% of all quasars have broad absorption lines, too. Variability within BALs could be due
to gas movement across the line of sight or variations in the outflow ionisations. An analysis of BAL
variability provides knowledge about quasar outflows like their kinematics, size, or sub-structures. In
rare cases and in contrast to BELs, BALs can appear and vanish. BAL variability is only detectable in
some troughs. Furthermore, it can occur in an individual line without corresponding changes in other
lines (Capellupo et al. 2012).

3.2.3 Quasars with Gaia

During the Gaia mission more than 500,000 quasars will be detected. Out of these objects we know about
one third and hence the majority of quasars will be new discoveries. Moreover, Finet et al. (2012) expect
that Gaia discovers about 3,000 multiply imaged quasars with the help of strong gravitational lensing.
Quasars are necessary for Gaia, because of their huge luminosity together with their large distance to the
observer. Due to this, nearly all quasars have negligible parallaxes and a pointlike appearance. Hence
Gaia uses these objects for a quasar-based celestial reference frame in order to obtain a high positional
accuracy. In detail, roughly 10,000 bright uniformly distributed quasars are necessary to build the refer-
ence frame (Andrei et al. 2012; Mignard 2002).

There are several possibilities to identify quasars among other objects. First, one consideres the
typical blue quasar spectra with variable features for detection. However, faint quasars with low equiv-
alent width BELs have low signal-to noise ratio (SNR) spectra and hence the spectral signatures are not
unique. For example, the colors of white dwarfs, F stars, and red dwarfs are similar to quasar colors
for redshifts of z < 0.5, z ~ 2.5, and z > 3, respectively (Claeskens et al. 2006). Second, the fraction
of quasars in comparison to stars is much lower in the Galactic plane of our Milky way than at higher
Galactic latitudes. These two points together with the lack of proper motions and parallaxes enable to
distinguish quasars easily from stars (Mignard 2012). Furthermore, we can compare observed quasars
with known AGN catalogs.

The design of Gaia’s instruments is perfect for analyzing stellar properties. Additionally, the Gaia
mission is a survey and does not distinguish between stars and quasars. Therefore, we get a large amount
of quasar data automatically that we can use in addition to the production of the reference frame. In the
next chapter, we investigate the possibilities and limits of the data expected to be obtained by Gaia to

learn more about quasar spectra and the variability within the spectra.
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Chapter 4

Exploration of Quasars with the Gaia
Satellite

Gaia will produce an all-sky catalog of 500,000 quasars up to a magnitude limit of G ~ 20.7mag in a
redshift range between 0 < z < 5. Today we know only about 184,000 quasars mainly from the Sloan
Digital Sky Survey (SDSS) which has a sky coverage of about one third. Together with the huge number
of new discovered quasars, Gaia delivers broad band photometry for all observed objects and high-
resolution spectra of a small number of bright quasars. As mentioned in Chapter 2, the satellite detects
every object on average 70 times in the blue and red photometers (BP and RP) and 40 times in the radial
velocity spectrograph (RVS). While the satellite is designed for stars, the huge amount of quasar data
together with a large number of observations over a period of five years will enable a promising quasar
investigation. In this work, we investigate the scientific output that we can infer from these data as

preparation for the first Gaia data releases and the final catalog.

In Figure 4.1 we plot the redshift distribution of all quasars discovered by SDSS in red. For this,
we combine the information from data release seven (dr7: Schneider et al. 2010) and data release nine
(dr9: Paris et al. 2012) which have biases to certain redshifts. The quasars are brighter than r < 22.2 mag
and have redshifts between 0 < z < 7. SDSS uses a 2.5 meter telescope in New Mexico that offers pho-
tometry of five optical bands (i, g’, ¥/, i, and z') and spectroscopy in a wavelength range of 3,600 A
to 10,500 A with an average resolving power of about 2,000. Additionally, we present the redshift dis-
tribution of quasars from the simulated Gaia catalog (Robin et al. 2012) in blue which contains about
1,000,000 quasars. In reality we expect that Gaia discovers 500,000 quasars or more due to the fact that
the simulation reflects what Gaia is able to potentially measure. Robin et al. (2012) did not consider the
instrumental effects and error models in their statistical study. To produce the quasars in the simulated
Gaia catalog, they considered similar statistical properties as SDSS (for example, redshifts and colors)
together with an extrapolation to fainter quasars (Slezak & Mignard 2007). Gaia will obtain a quasar
sky coverage of about two third. Due to a huge fraction of stars in the galactic plane, quasars are less
observable in this celestial area. In the histogram we can see that the majority of quasars have redshifts
between z = 1 and z = 2 which reflects the quasar history. At the current age of z = 0, we do not observe
quasars at all. It could be that many galaxies or even all pass a quasar period in their life before achiev-
ing its current galaxy phase. Despite the fact that quasars are very faint at high redshift, the number of

observed quasars is still too small for a large quasar population at high z and hence it most likely that it
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Figure 4.1: In the histogram we plot all known quasars from the SDSS survey in red. For this, we concatenate
the objects from data release 7 together with the new quasars from data release 9. The different data releases
are biased to certain quasar redshifts. In blue we show the quasar redshift distribution of simulated Gaia
quasars presented in Robin et al. (2012). We see that the majority of Gaia quasars have redshifts between
I<z<2.

took a while to form them.

In this chapter, we first present the magnitudes that we mainly use in this thesis and estimate correla-
tions between these magnitudes. Then we use the composite quasar spectrum from VB2001 to simulate
quasar low-resolution spectra considering Gaia’s facilities (Section 4.2). Afterwards, in Section 4.3, we
improve the quasar spectra for the blue and red photometers by selecting various redshifts and magni-
tudes. Typically quasar spectra show variable spectral lines and continua. Hence, in Section 4.4, we
consider spectral variability in our simulations and investigate prospects to observe them with Gaia. In
addition to low-resolution spectra, the Gaia satellite records a high-resolution spectrum for bright objects
as well. In Section 4.5, we explore bright quasars that have broad emission lines in the radial velocity
spectrograph and make a statement on potential variability measurements with Gaia. For completeness,
we shortly summarize astrometric quasar analysis from literature together with our conclusions on their
detectability with Gaia in Section 4.6. At the end of this chapter, in Section 4.7, we present a short

conclusion of our quasar analysis.

We published most of the results on the investigation of quasars with Gaia in our paper Proft &

Wambsganss (2015). From now on, we denote our paper as PW2015.

4.1 Magnitude Transformation Between G, V, and 7/

In our work, we use three different photometric systems to indicate magnitudes of quasars. Gaia mea-
sures the magnitudes G, Grys, Gpp, and Grp. In literature the quasar magnitudes are often given in
Johnson magnitudes (U, B, V, R, I) or in SDSS magnitudes mentioned above. We derive rough correla-

tions between the magnitudes V and G and between G and /' that we often use in our work. For this, we
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Figure 4.2: We show the Johnson magnitude V in dependence on the Gaia magnitude G for all SDSS dr7
quasars. The different colors represent three redshift intervals of the objects. Blue dots are quasars with
redshifts z < 2.1, gray dots are quasars having redshifts between 2.1 < z < 4.0, and red symbols indicate
those quasars with large redshifts z > 4.0. The black line is a linear regression for z < 4 quasars.

first calculate V by using SDSS magnitudes following (Jester et al. 2005):
V=g -052(g —r)—0.03. 4.1

This equation has the smallest standard deviation (¢ = 0.05) for z < 2.1 quasars. Then we derive G with
SDSS magnitudes g’ and i/ (Jordi 2013):

G—g =—0.1142-0.5216(¢g' — ') — 0.0835(¢' — i')* +0.0005(g' — ')*>, (o =0.06). (4.2)

Now we can plot V against G for all quasars from SDSS dr7 (Figure 4.2). We consider three redshift
ranges: z < 2.1 (blue dots), 2.1 < z < 4.0 (gray dots), and z > 4.0 (red dots) and make use of a linear
regression (black line in Figure 4.2) for quasars with redshifts z < 4. The linear regressions for z < 2.1

and z < 4.0 quasars deliver similar results. We derive
V =1.022-G—-0.244mag (forz<4) 4.3)

with a residual standard error of AV = 0.108 mag. In the same way, we apply a linear regression for all
SDSS dr7 quasars with calculated G magnitude (Equation 4.2) and available SDSS ' magnitude. We
approximate

G=0973-7 +0.390mag (forz <3) (4.4)

with a residual standard error of AG = 0.110mag.
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4.2 Simulating Gaia’s Low-Resolution Spectra of Quasars

4.2.1 Convolution of the Composite Quasar Spectrum VB2001

The first step to simulate quasar spectra is to convolve a realistic spectrum with a Gaussian kernel. As
template we use the composite quasar spectrum from VB2001 because it shows the typical spectral
features that are in general visible in all quasar spectra. The convolution of two functions f: R — R and
g: R — Ris defined as

(Fog)(a) = [ F()-5(2' = 2)dr. @3)
In our setting, f assignes a wavelength A to its flux density. Our choice of a gaussian kernel,
1 1(2)2
g(A) = e 2(8) (4.6)
@) V2no?

reflects that many emission lines have gaussian shapes. We only have discrete wavelengths values

Ao, ..., Ay. Hence the integral in our convolution becomes a sum:

N
(fog) (k)= Z()f(%-) 8(Ai— 4y). 4.7

=
For a realistic spectrum we need to consider the spectral dispersion of the two photometers (BP and
RP). The dispersion of both photometers strongly depends on the wavelength A. The BP dispersion
in the wavelength range of 3,300A to 6,800A increases from 30 ;\/pixel to 270 A/pixel. In the same
wavelength range the line width in the BP changes from 1.3 to 1.9 pixel. The RP dispersion in the
wavelength range of 6,400A to 10,500 A increases from 70 A/pixel to 150 A/pixel. The corresponding
line width in the RP varies between 3.5 and 4.1 pixel (de Bruijne 2012). Figure 7 in de Bruijne (2012)
displays the exact distribution of the dispersion for both photometers. By using the program Dexter
(Demleitner et al. 2001)!, we extract the data points and interpolate the dispersion function necessary
for our convolution. Additionally, we consider a linear interpolation of the line width and convert the

FWHM to a standard deviation. Hence we use a standard deviation of

__ dispersion - line width
B 2.35

(4.8)

4.2.2 Noiseless Low-Resolution Quasar Spectra

In the next step we apply the Gaia photon response from Jordi et al. (2010) to our simulation. A function
that describes the photon response curve is not available and hence we fit the given data points. We plot
our photon response curve fits in Figure 4.3. The upper panel shows the resulting fit for the BP in blue
and the lower panel the fit function for the RP in red.

The VB2001 template considers a quasar redshift of z = 0. To simulate a spectrum with a certain
redshift, we multiply the wavelength by the cosmological time dilation factor 1 +z. By doing so, the
spectrum is shifted to a higher redshift and it is stretched. At this point, we use the template with
arbitrary flux density units. In the next section, when we simulate the spectra for different magnitudes,

the flux density has to change as well. Due to the time dilation, the wavelength position for an individual

Uhttp://dc.zah.uni-heidelberg.de/sdexter
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Figure 4.3: We interpolate the data of the photon response curve from Jordi et al. (2010). The top diagram
shows our fitted photon response for the blue photometer and in the bottom diagram we fit the photon re-
sponse for the red photometer. In the following simulations, we apply these photon response curves to every

spectrum.

25



Flux [Arbitrary Units]

Flux [Arbitrary Units]

5 ! 1 ! ; ! !
: : z=0.5 : : : z=1.5 :
Y IS A SSVORN SO SO S I -
2bh - O TP SRR ISP s IR ¥
R Ty e S W R - o ] RO OO SO e I R
0 i i i i j i i 0 i i i i j ; i
4000 5000 6000 7000 8000 9000 10000 4000 5000 6000 7000 8000 9000 10000
z=2.5 : : =35
20 b e e e s E e e -SLTIELETRITE frrene 20 e e ]
................................................................. 15
............................................................. Fevrserniansiediin 10 Feremerreiereeeneeneed LN e
,,,,,,,,,,,,,,,,,,,,,,,, [ SO
0 i i i i j i ; o L1 i i i j i ;
4000 5000 6000 7000 8000 9000 10000 4000 5000 6000 7000 8000 9000 10000

CHAPTER 4.

EXPLORATION OF QUASARS WITH THE GAIA SATELLITE

Wavelength [A]

Wavelength [A]

Figure 4.4: The four images show our simulated low-resolution quasar spectra in arbitrary flux density
units considering Gaia’s photon response curve and the redshifts z = 0.5, 1.5, 2.5, and 3.5. For a better
visibility of the spectra, we adjust the flux density interval for every image. The full wavelength interval
corresponds to Gaia’s BP and RP measurements and the wavelength range of the blue shaded region defines
the RV S high-resolution spectral area. The black curve is the VB2001 template spectrum at the corresponding
redshift. The blue curve is the BP low-resolution spectrum and the red curve the RP low-resolution spectrum.
Due to Gaia’s photometer dispersions, the convolved BELs are broader than the template lines. The spectral
dispersion strongly depends on the wavelength and hence this line broadening is different for distinct BELs.



4.2. SIMULATING GAIA’S LOW-RESOLUTION SPECTRA OF QUASARS

redshift
BEL 0 0.5 1.5 2.5 35

Ha 6565 | 9858 | 16,413 | 22,978 | 29,543
Hp 4853 | 7280 | 12,133 | 16,986 | 21,839
Mgll | 2800 | 4,200 | 7,000 9,800 | 12,600
CIIIj | 1906 | 2,859 | 4,765 6,671 | 8,577
CIV | 1546 | 2,319 | 3,865 5,411 | 6,957
Lyo | 1216 | 1,824 | 3,040 4,256 | 5472

Table 4.1: We present the different wavelengths positions in unit A of the BELs Ha, HB, Mgll, CIII], CIV,
and Ly« for the redshifts z =0, 0.5, 1.5, 2.5, and 3.5.

BEL depends on the redshift. In order to identify the location for every BEL at distinct redshifts in our
following figures (or outside of them), we calculate the wavelengths for the BELs Ha, HB, MglI, CIII],
CIV, and Ly« for the selected redshifts z = 0.5, 1.5, 2.5, 3.5 and in the quasar rest frame (z = 0) in Table
4.1.

In Figure 4.4, we simulate our first low-resolution spectra of the VB2001 spectrum considering the
photon response curve and four selected redshifts (z =0.5, z = 1.5, z = 2.5, and z = 3.5). We plot the
template spectrum at certain redshift in black, the low-resolution spectrum of the blue photometer in
blue, and the low-resolution spectrum of the red photometer in red. Referring to both photometers, we
select the wavelength interval to 3, 300A <A <10,500 A. The blue shaded area indicates the wavelength
range of potential high resolution spectra resulting from Gaia’s radial velocity spectrograph (8, 470A <
A < 8,710A). In our following spectra simulations, we always select the same wavelength intervals and
always plot the template spectrum in black. We can see that the prominent features like the BELs or
the "small blue bump" are still observable with Gaia. However, due to a changing spectral dispersion,
the lines are broadened in a different manner for different wavelength areas. In case of redshift z = 0.5
quasars, MglI is visible in the blue photometer and the BELs Ha and Hf in the red photometer. But
because of the lower RP resolution at long wavelengths, Het is hardly observable. In the second image
(z=1.5), we can still see the MglII and CIII] lines in the convolved spectrum but we can not see the CIV
line which falls in the photon response curve gap around 3,800 A Inz=35 quasar spectra we clearly
see the prominent lines Ly, CIV and CIII]. At this redshift, MglI lies in the RP but is not measurable
for the same reason as H in z = 0.5 spectra. In the last panel, z = 3.5, the BELs CIII], CIV, and Ly« are
very prominent in the convolved spectra. Additionally, we can see that Mgl falls in the high-resolution

spectral range which we discuss later in Section 4.5.

In order to generate realistic quasar spectra, we have to consider noise in our simulations. Further-
more, Gaia does not produce a smooth spectral distribution like shown in Figure 4.4 but a spectrum that
consists of 75 data bins. In the next section, we take the noise and data bins into account to qualitatively

investigate quasar low-resolution spectra for different magnitudes and redshifts.
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4.3 Realistic Low-Resolution Spectra of Quasars

4.3.1 Signal-to-Noise Ratio of the Blue and Red Photometers

In this section, we analyze the contributions of the signal-to-noise ratio (SNR) to Gaia’s low-resolution
quasar spectra. For this, we first analyze the paper by Carrasco et al. (2006). They derived the SNR per
sample (Gaia term for data bins) for different magnitudes and various stellar types. In their calculations
they had to consider several effects, for example, the total detection noise per sample, the calibration
errors and the sky background contribution. They showed that for bright objects calibration errors have
the strongest contribution to Gaia’s BP/RP spectra and that the impact of further effects is negligible.
Because the noise investigations are only done for stars, we choose a stellar spectrum that looks similar to
a quasar spectrum in the low-resolution spectral range. But we have to keep in mind, even quasar spectra
at identical redshift and magnitude could look very different from each other. Quasars with redshifts
of z =~ 2.5 have similar spectral shapes as F stars. Therefore, we explore the F star SNR diagrams for
the available magnitudes V = 10, 13, 16 mag and the two calibration errors 0.y = 10 and 40 mmag. We
compare the individual diagrams and recognize that the influence of calibration errors to faint objects
with V = 16mag (low SNR samples) is negligible. Hence for faint objects like quasars, one does not
need to consider calibration errors. We calculate the number of known SDSS quasars brighter than
G = 16mag by considering Equation 4.4. Only about 700 out of 184,000 quasars are brighter than this
magnitude limit. In Carrasco et al. (2006) we find that the SNR per individual sample for F stars with
a magnitude of V = 16 mag and large calibration errors of 0., = 40mmag is approximately between 25
and 150 for BP and between 50 and 125 for RP. If we scale the SNR to fainter quasars, we find that
photon (Poisson) noise from the quasar source is the major contribution visible in the spectra. In this
case, the SNR is proportional to the square root of the flux (Bailer-Jones et al. 2008). For example,
G = 19mag quasars have SNR that are about four times smaller than G = 16 mag quasars. Hence for F
stars or redshift z = 2.5 quasars, we estimate a SNR per data bin larger than four at 20th G magnitude
(except for the first five bins with low photon response).

The photon noise exists due to the uncertainty of light. It implies that the number of light photons
from an individual quasar varies even if the wavelength is the same. We can calculate the photon noise

by the Poisson distribution
Ak ek
flka) = =,

which gives the probability of k photons falling in a wavelength interval A. The flux density of our

4.9)

template VB2001 spectrum is given in arbitrary units. To convert the flux density in photonS/A, we
first search for SDSS quasar spectra that have similar signatures as our template spectrum together with
selected redshifts and a magnitude of G = 18 mag. We transform the SDSS magnitudes into Gaia’s
G magnitude by Equation 4.2. The chosen quasars are SDSS 155742.234+105615.6 (z = 0.5), SDSS
142658.98+520504.6 (z = 1.5), SDSS 121451.194+275309.1 (z = 2.5), and SDSS 082535.19+512706.3
(z =3.5). Second, we convert the SDSS unit erg/s/cm?/A into photons/A like explained on the SDSS
IIT web page.?> Third, we consider Gaia’s single CCD exposure time of 4.42s and the mirrow aperture
of 1.45m x 0.5m as described in Hestroffer et al. (2010). Furthermore, due to Gaia’s scanning law, the

objects always have a few subsequent passages on the CCDs within a few days. As a result of typically

Zhttps://www.sdss3.org/dr9/algorithms/spectrophotometry.php#dr7
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five individual exposures, we scale the exposure time by a factor of five to simulate one spectrum. But
if we generate end-of-mission quasar spectra, we consider 72 combined field of view transits (Holl et al.
2012).

4.3.2 Low-Resolution Quasar Spectra for Different Redshifts

Following the procedure explained above, we plot various realistic low-resolution spectra with the VB2001
spectrum as template. First, in Figure 4.5, we select the magnitude G = 18 mag and redshifts z = 0.5,
1.5, 2.5, and 3.5. For the simulated spectra we apply 37 data bins for the blue and 38 data bins for the
red photometer instead of a smooth distribution (Brown 2006). The wavelength intervals and colors of
composite, BP, and RP spectra in this and in the next diagrams are the same as used in Figure 4.4. Addi-
tionally, we apply five single field of view passages. In the plots we see that different BELs fall in the two
photometric ranges of BP and RP depending on the selected redshift. At the chosen quasar magnitude
and redshifts, we detect enough BELs to infer the quasar redshift. For such objects, which additionally
have large equivalent widths BELs similarly to the VB2001 spectrum, it is easy to identify them as quasar
from Gaia’s BP and RP spectra alone. We emphasize that the bin widths increase with wavelength in BP
and RP spectra. The bin widths of the BP (RP) spectra in our plots are roughly between 30 A and 240 A
(70 A and 140 A). Therefore, the appearance of noise in our spectra depends on the wavelength.
Claeskens et al. (2006) present an extensive quasar redshift analysis with Gaia’s previously planned
photometers. However, they considered photometric systems which consisted of 5 broadband and 14
medium-band filters instead of the actual blue and red photometer. The authors found that due to the
redshift dependent position of strong broad emission lines, it should be simple to infer the quasar red-
shift. Due to the changes of Gaia’s photometry in 2007 (Jordi & Carrasco 2007), we do a qualitative
redshift analysis by looking at five different redshift intervals. Similarly to Claeskens et al. (2006), we
take into account that at least two broad emission lines should fall in the photometer wavelength range
between 3,300 A and 10,500 A in order to calculate reliable quasar redshifts. For our redshift analysis,
we simulate end of mission coadded low-resolution quasar spectra at magnitude G = 20mag and red-
shifts z = 0.5, 1.5, 2.5 and 3.5 in Figure 4.6. In Gaia’s lifetime of five years, there are on average 72
observations of the two combined fields of view. In the appendix, we present the same coadded spectra
but for interesting redshift values of z = 0.15, 0.35, 1.0, 1.2, 1.7, 2.0, and 2.3. In all of these figures,
we use the same colors, axes, and intervals as shown in Figure 4.5. By shifting these generated low-
resolution spectra between z = 0 and z = 5, we always observe two or more BELs in Gaia’s BP or RP.
However, the opportunity to calculate the redshift is different for diverse redshift regions. For redshifts
smaller than z < 0.4, the line Hox is prominent and reliably measurable (Figures 8.1 and 8.2). In contrast,
the following redshift interval (0.4 < z < 1.2) is the most complicated area. This is obvious, for example,
in Figure 8.3 which shows the most difficult redshift z &~ 1. We can detect two BELs out of HB, MglII, and
CIII], but no clearly detectable features. By additionally using Gaia’s astrometry, one can identify these
quasars and calculate their redshift. However, this redshift area is very sensitive to noise. In the redshift
range 1.2 < z < 1.7, we can prominently see two lines out of Mgll, CIII],and CIV in our Figures 4.6,
8.4, and 8.5. Between 1.7 < z < 2.3 the lines MgII, CIIT], and Ly are within the two photometers and
the emission line CIV is very dominant. As example for this redshift interval, we show end of mission
Gaia low-resolution spectra of a faint quasar with redshift z = 2.0 (Figure 8.6) and z = 2.3 (Figure 8.7)

in the appendix. For large redshifts, z > 2.3, the emission line Ly is dominant in BP or RP. Hence it is
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Figure 4.5: We show our convolved realistic low-resolution quasar spectra at fixed magnitude G = 18 mag
for redshifts z = 0.5, 1.5, 2.5 and 3.5. The different wavelength intervals and spectra with colors black, blue,
and red are the same as in Figure 4.4. We take the photon noise into account and plot the flux densities in
units photon/A. For this, we considered the typical five single field of view transits in order to obtain the total
exposure time. Once again, the flux density interval is different for the individual images. Additionally, we
applied the 75 data bins, 37 for BP and 38 for RP. Plot from PW2015.
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Figure 4.6: Plotted are the expected coadded end of mission low-resolution quasar spectra at magnitude
G = 20mag for redshifts z = 0.5, 1.5, 2.5, and 3.5. We select the same axes, colors, and intervals as shown
in Figure 4.5. To account for five years of observations, we consider 72 measurements of the combined fields
of view. We see that the feasibility to infer precise redshifts from Gaia’s data depends on the redshift region.

Plot from PW2015.

the easiest region to infer quasar redshifts, which we can clearly see in Figure 4.6 for redshifts z = 2.5

and z =3.5.

For all of our Gaia spectra simulations, we use the VB2001 composite spectrum, but in reality the

quasar spectra could substantially differ from this template. For example, redshifts of quasars with

low equivalent width BELs are very difficult to determine especially at the faint end. For quantitative

redshift studies, Claeskens et al. (2006) had to apply techniques like spectral principal component anal-

ysis or artificial neural networks on the previously planned photometric system. As mentioned before,

the detectability of quasar redshifts is different for distinct redshift regions and in addition to this, it

changes with magnitude. But the redshift errors are in general below Az = 0.1 also for faint magnitudes

(Delchambre 2014).
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4.3.3 Low-Resolution Quasar Spectra for Different Magnitudes

In order to see the evolution of photon noise with decreasing brightness, we generate quasar spectra at
fixed redshift but for the three magnitudes G = 16 mag, 18 mag, and 20mag. We transform the quasar
flux density f related to the magnitude m by

f

e 4.10
X (4.10)

m—mg = —2.5-log
which results in f20mag = fi8mag - 0.1585 and figmag = flgmag/0.1585, respectively.

First, we select a redshift of z = 0.5 in Figure 4.7. The following Figures 4.8, 4.9, and 4.10 present
the same simulated BP and RP low-resolution spectra but for the fixed redshift z = 1.5, 2.5, and 3.5,
respectively. In all four figures we can see that the noise level at magnitude G = 16 mag is very low. All
BELs that are clearly detectable in the noiseless low-resolution spectra (Figure 4.4) are also obviously
visible in these four plots. By increasing the magnitude to G = 18 mag, we can see the higher noise level
in all BELs and continua. However, we still can detect all prominent features by eye that are obvious in
the corresponding noiseless spectra. But the last panel in the Figures 4.7, 4.8, 4.9, and 4.10 displays a
strong noise level for magnitude G = 20 mag. Some of the prominent spectral features are hardly visible
by eye. For example, it is difficult to infer HB in the bottom panel of Figure 4.7 or CIII] in the bottom
panel of Figure 4.8 in comparison to the upper and middle panels.

In the next section, we simulate further low-resolution spectra with Gaia’s BP and RP instrument to
predict potential variability measurements with Gaia. Moreover, we simulate low-resolution spectra of

variable SDSS quasars.

4.4 Studying Quasar Variability from Low-Resolution Quasar Spectra

4.4.1 Continuum and BEL Variability

In the last sections, we simulated quasar low-resolution spectra of Gaia’s two photometers for different
redshifts and various magnitudes. In order to make a statement whether individual BELs, spectral fea-
tures like the "small blue bump" or variability within the features are detectable up to Gaia’s magnitude
limit (G ~ 20mag), we generate a number of noisy low-resolution spectra for a fixed magnitude and
redshift. In this way, we can compare flux variations visible in individual samples. In Figure 4.11, we
start with a quasar redshift of z = 0.5 and select four different magnitudes (G = 16 mag, 18 mag, 19mag,
and 20mag). In each panel, we show three simulated BP and RP spectra. Due to the photon noise, they
are slightly different from each other. In every panel, we plot theses noisy quasar spectra for individual
simulations in blue, red, and black. Apart from these representations, the axes and the plotted composite
quasar spectrum are the same as used in the last diagrams. We consider five subsequent measurements
to produce these individual quasar low-resolution spectra. The following Figures 4.12, 4.13, and 4.14
present the same approach but for redshifts z = 1.5, 2.5, and 3.5, respectively. When we compare the
three low-resolution BP and RP spectra at magnitude G = 16 mag for every redshift (first panel in all four
figures), we detect only small impact of the SNR to the individual samples in the spectra. All BELs, the
"small blue bump" redshifted to around 6,000 A in Figure 4.12, and the continua are very similar to the

noiseless spectra (Figure 4.4). By increasing the magnitude to G = 18 mag, the SNR decreases substan-
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Figure 4.7: We show low-resolution quasar spectra at magnitudes G = 16 mag, 18 mag, and 20mag for the
redshift z = 0.5. We took the same data treated in the same manner as in Figure 4.4. The three panels show
the tendency of increasing Poisson noise with fainter magnitudes.
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Figure 4.10: Same as Figure 4.7 but we considered a redshift of z = 3.5.
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tially. For quasar spectra that are similar to this VB2001 template spectrum, the magnitude G ~ 18 mag
represents a limit for reliable variability studies. In fact, we can detect all mentioned spectral features at
G ~ 18 mag. However, to investigate variability within the individual samples, we would need: (i) more
subsequent measurements within a day or a few days, (ii) additional information from ground-based
telescopes, or (iii) strong flux changes. We will discuss these three possibilities in the next subsections.
By increasing the magnitude to G ~ 19mag and G ~ 20mag (applied in all four figures), the SNR
decreases significantly and variability studies of BELs or the quasar continuum are in general not possible
for single spectra (five subsequent measurements). In these single spectra at a magnitude of G =20 mag
spectral features like the "small blue bump" or the MgII line, both visible in Figure 4.12, are hardly
detectable. In the Figures 4.11, 4.12, 4.12, and 4.12, we additionally find that the variability study does
also depend on the redshift and not only on the noise. At large redshifts, especially for z 2 2.3, strong
BELs dominate the quasar spectrum and we have higher SNRs in BELs, for example, Lya. Additionally
to the SNR and the redshift, the individual quasar spectrum can be very different to the template spectrum

and its individual signals can have further influence on observable variability detections.

4.4.2 Variability Analysis with the Help of Convolved SDSS Quasar Spectra

In order to improve our predictions of continuum and broad line variability observable with Gaia, we
study spectral changes of SDSS quasars. For this investigation, we search for bright SDSS quasars that
have at least two variable spectra in the SDSS bulk search tool. We select 18 SDSS quasars that have
redshifts between 0.3 < z < 3.5 and magnitudes of ¥ < 17.6mag. All of them exhibit clear continuum
variations like flux jumps or slope changes. We convolve each spectrum of every selected quasar in the
same way as we treated the template spectrum above. By studying the multiple spectra of the 18 SDSS

quasars in Gaia’s low-resolution BP and RP range, we discover that Gaia is able to detect:

fhigh(l) - flow(k)
fhigh(A)

e strong changes in the equivalent widths of broad lines (dependent on the line and on Af),

e strong continuum flux changes of Af =

> 5% in each sample,

e strong slope changes (related to Af),

for quasars brighter than G = 18 mag. For strong BELSs like Ly« the (flux dependent) SNR is higher than
for weaker BELs like Mgll and much higher than for BALs. Hence the accuracy of equivalent width
measurements is dependent on the kind of line.

In Section 4.3.1, we determined that only about 700 quasars are brighter than G = 16 mag. These
700 quasars have very high SNR and hence it is very likely that Gaia detects smaller flux changes even
below 5% for many of them. Out of the 18 variable quasars, we show the two available spectra of SDSS
154757.71+060626.6 in the upper panel of Figure 4.15. This strongly variable quasar has a magnitude of
¥ = 17.5mag and a redshift of z = 2.03. The spectrum in black represents the measurement in May 25,
2011, and the red signals show the observed spectrum in October 6, 2004. The bottom panel presents the
convoled Gaia low-resolution spectra. We detect changes in the equivalent widths of broad absorption
and broad emission lines in the low-resolution spectra of SDSS 154757.71+060626.6. Additionally, we
observe strong variations up to Af ~ 20% in its continuum. We conclude that Gaia can easily measure

such kind of changes.
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Figure 4.11: Similarly to Figure 4.7, we show our simulated low-resolution spectra at redshift z = 0.5 for
different magnitudes. In this figure we select G = 16 mag, 18 mag, 19mag and 20mag. Additionally, we
present three realizations of each spectrum to show the influence of noise to the individual spectra. We use
different colors (blue, red, and black) together for the BP and RP spectra. The axes, wavelength ranges and
the quasar template are the same as used above (e.g., Figure 4.7). In the four panels, we only see a small
impact of noise at magnitude G = 16 mag, but a a strong influence at G = 20 mag.

38



120

Photons/A

Photons/A

4.4. STUDYING QUASAR VARIABILITY FROM LOW-RESOLUTION QUASAR SPECTRA

T T T T T T T

G =16 mag
z=1.5

i i i i i i ;
4000 5000 6000 7000 8000 9000 10000

T T T T T T T

z=1.5

G=19 mag|"

i i i i i i i
4000 5000 6000 7000 8000 9000 10000
Wavelength [A]

i i i i i i i
4000 5000 6000 7000 8000 9000 10000

T T T T T T T

G =20 mag

i i i i H i i
4000 5000 6000 7000 8000 9000 10000

Wavelength [A]

Figure 4.12: Same as Figure 4.11 but we considered a redshift of z = 1.5.
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Figure 4.13: Same as Figure 4.11 but we considered a redshift of z = 2.5.
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Figure 4.15: The upper panel shows the two spectra of quasar SDSS-15475771+0606266 at two epochs
(red: October 6, 2004, black: May 25, 2011). In the bottom panel, we present the corresponding Gaia low-
resolution spectra considering five single-field-of-view measurements and the photon noise. We see that Gaia
can easily measure such strong spectral changes. Plot from PW2015.

4.4.3 Prospects of Quasar Variability Detections with Gaia
Short-Term and Long-Term Variability

In the last sections, we investigated continuum and broad line variability detections with Gaia. Apart
from these spectral variations, we can also explore short-term and long-term variability. We define short-
term variability as variations within a day or up to a few days and long-term variations as changes that we
can observe within weeks or even years. In principle, Gaia could observe both, short-term and long-term
spectral changes. However, Gaia’s scanning law is not suitable to follow up intraday variability. After a
few subsequent measurements of an individual object, the satellite has a measurement gap of typically
two months. For short-term variability analyses, we would need quasars with high observational cadence
that is obtained by many intraday observations. Furthermore, these quasar spectra have to exhibit large
SNRs. To obtain sufficiently high SNR, the objects have to be brighter than G = 18 mag. In the last
section, we simulated VB2001 low-resolution spectra for magnitude G = 18 mag. Theses spectra got
sufficiently high SNR by combining five subsequent measurements that are typical for Gaia BP and RP
measurements. When we study intra-day variability, we have to use single quasar observations and we
only coadd two spectra (accounting for both fields of view). Apart from very large spectral changes

(Af > 10%), the realistic quasar magnitude limit for intra-day investigations is G < 16 mag. The precise
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magnitude limit for short-term variability investigations depends on the analyzed variability (continuum,
BAL, or BEL changes) and on the quasar redshift.

Spectral changes of long-term timescales are easy to measure with Gaia. Especially long-term vari-
ability between two months and a few years is suitable to observe because of Gaia’s scanning law. A
promising small subsample of objects for exploring long-term variability are quasars at ecliptic latitudes
around +45°. These quasars have much more than the 72 observations that are typical within Gaia’s
lifetime. Although many of them have extra observations within a few days, some quasars will get ad-
ditional measurements outside the intraday mode. An important application of quasars with this kind of
information is a reverberation mapping campaign. In this scenario, we determine the time lag between

BELs and continuum to study the broad line region of quasars (see Section 3.2.2).

Reverberation Mapping

As suggested by Watson et al. (2011), we could use a large (BEL) reverberation mapping campaign also
to derive cosmological luminosity distances with the help of quasars or other AGN. The idea is that
the luminosity of the quasar depends on the BLR size. If we are able to measure the time lag between
continuum and BEL variations, we can infer the BLR size and hence the absolute quasar luminosity. In
contrast to current distance measurements, we could reliably estimate the distance up to large redshifts
of about z =4. As explained in Section 3.1, we can infer the luminosity distance with the help of
supernovae la only up to redshifts of z =~ 1.7. Additionally, it would be possible to check dark energy and
different gravity theory options by the reverberation mapping approach. Czerny & Hryniewicz (2011)
give a theoretical explanation of the relationship between the monochromatic flux of AGN and their
BLR size. The time lag between BEL responses to continuum variations is typically of order weeks
to months. But current or previous BEL reverberation mapping projects use data of high cadence, for
example, every few days in order to reliably estimate its value. We already explained that, apart from the
ecliptic poles, Gaia’s scanning law is not ideal for this kind of frequent measurements. However, in some
cases, the time lag is sufficiently high to be observable with Gaia. In fact, the observed time lag rises
with redshift (Equation 3.14) and also with broad line region size. Furthermore, the BLR radii increase
with quasar luminosity and for lower ionisation lines. The determination of time lags in quasar spectra
is a difficult approach. In case of large redshifts, quasar magnitudes are often very faint which leads to
small SNRs. On the other hand Kaspi et al. (2007) describe that quasars with large luminosities show
only weak continuum changes and additionally have large redshifts (faint magnitudes). Still, very likely
Gaia will be able to discover time lags at least for a small sample of quasars which very likely have high
luminosities and large redshifts. The conditions which influence the success of reverberation mapping
campaigns are the measurement accuracy, the mathematical method to calculate the time lag, and the
chosen BEL (Czerny et al. 2013).

Another reverberation mapping approach is the scenario when the quasar continuum responds to
variability within the continuum itself. The temperature of an accretion disk (blackbody) is a function of
its radius 7' ~ r—3/4. This accretions disk reprocesses the energy radiation of the central continuum source
(Collier et al. 1999). Due to the reprocessing there is a time lag which is a function of the wavelength
(T ~ A*3). At large wavelength (8,000 A) the time lag is only of order days (short-term variability)
because of the small accretion disk dimension. If we can determine this time lag, we would be able to

investigate the structure of the accretion disk and to calculate cosmological parameters (for example, the
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Hubble constant). By using this method, Collier et al. (1999) suggest to measure luminosity distances
to quasars or other AGN that are independent of the redshift. As explained above, to detect short-term
variability with Gaia, we would need spectra with high SNRs and hence objects that are brighter than
G = 18mag or even brighter than G = 16 mag. Additionally, we can obtain more precise time lags when

Gaia offers many intraday observations.

Analysis of Spectral Lines

In our work, the mainly analyzed spectral lines are BELs because they dominate quasar spectra and
only about ten percent of quasars show some BALs. As described in Chapter 3, if a quasar shows
strong broad absorption line characteristics like SDSS-15475771+0606266 in Figure 4.15, we can study
quasar outflows. In addition to broad lines, quasar spectra show many narrow emission lines or narrow
absorption lines. Due to the very low dispersion of Gaia’s BP and RP spectra, we can not detect narrow
lines in the low-resolution spectra. Hence we are not able to analyze these features with these two
instruments.

There are further opportunities to analyze broad lines of quasars with Gaia’s low-resolution spectra.
We are able to determine the equivalent widths of broad emission and broad absorption lines as a function
of time. The resolution of the low-resolution BP and RP spectra is only about ~ 100, but the equivalent
width is independent of the resolution of the selected spectrograph. Therefore, we can derive the equiv-
alent widths of quasar broad lines and with this, we are able to analyze the Baldwin effect. In contrast
to the equivalent width, the FWHM of a spectral line is dependent on the resolution of the spectrograph.
When we reliably want to estimate the FWHM of BELs in the blue and red photometers, the lines have
to be at the wavelength location with the highest resolution. Both photometers (BP and RP) achieve
the best resolution at their short wavelength range. Additionally, the FWHM has to exhibit a value of
several 1,000 km/s. When we are able to approximate the FWHM, we can calculate the black hole mass
by Equation 3.16. The FWHM as well as the equivalent width of BELs depend on the SNR of the low-
resolution spectra. We can determine these two quantities for a magnitude limit of about G = 18 mag
considering five subsequent measurements for the low-resolution spectra. When we are only interested
in the end-of-mission FWHM or equivalent width, we can coadd the spectra and we will obtain reliably

values also for faint G = 20 mag quasars.

4.5 Gaia’s High-Resolution Quasar Spectra

In addition to the two low-resolution spectra, Gaia produces a high-resolution spectrum for bright objects
but in a very small wavelength interval of AA = 240 A between 8,470 A and 8,710 A. The vast majority
of quasars is too faint or have no prominent features in the wavelength range of the radial velocity
spectrograph. However, for some bright quasars narrow or broad absorption lines and narrow or broad
emission lines fall in the RVS. In such cases, the high-resolution spectra in principal allow to receive
knowledge on the broad line region by investigating line variability and line profiles. This information
is important because of the small BLR size. We can not spatially resolve the BLR with Gaia or other
currently observing telescopes. In this section, we first analyze the profiles that we observe for quasar
BELs. Then we explore the number of bright quasars that have lines in the RVS wavelength interval

considering the SNR of the high-resolution spectra. Additionally, we study research prospects for these
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BEL | Redshift 7 Az

Ho 0.291 - 0.326 | 0.035
Hp 0.742-0.791 | 0.049
Mgll | 2.027-2.110 | 0.083
CIII] | 3.440-3.565 | 0.125
CIV | 4.480-4.633 | 0.153

Table 4.2: We list the five redshift intervals for which the BELs Ha, HB, Mgll, CIII], and CIV are within
the RVS wavelength range. The interval is stretched with increasing redshift due to the time dilation effect.

quasars. Before Gaia’s commissioning and in the beginning of our work, a magnitude limit of Grys =
17mag was proposed. Because of the mentioned stray light problem of the satellite, the actual limit
is Grys = 16mag. Due to this, we first present the comprehensive results for Grys < 17mag and in

addition to this, we explain our revisions for Grys < 16 mag.

4.5.1 Quasar Broad Emission Lines in the Radial Velocity Spectrograph

The most prominent BELs in quasar spectra are Ha, HB, Mgll, CIII], CIV, and Lya. By scaling the
wavelength A with the time dilation factor 14z, we shift each of these lines in such a way that they fall
into the RVS wavelength interval. We plot all six BELs from the VB2001 composite spectrum in Gaia’s
RVS wavelength range (blue shaded band) in Figure 4.16. To optimally see the individual lines in the
diagrams, we scale the flux in every panel differently. The line shapes of all six BELs are distinguishable
from each other. For example, obscuration effects, the geometry of the BLR, cloud velocities, and
superimposed BELs from distinct quasar areas influence the different BEL profiles (Kollatschny & Zetzl
2013). We can explain the Gaussian shape of many line profiles by the Doppler effect. For example,
Peterson & Wandel (1999) describe Gaussian profiles by rotational motions of the BLR clouds which
emit the emission lines. Otherwise, Blumenthal & Mathews (1975) explain Logarithmic line profiles by
outflowing gas. Moreover, Goad et al. (2012) interpret Lorentzian line shapes by turbulent motions in
the outer accretion disk. Hence various velocity components influence the observed line shapes. If one
can measure the ration between turbulent motion and rotational velocity, it is possible to estimate the
thickness of the accretion disk (Kollatschny & Zetzl 2013).

We find that quasars with Ly in the RVS interval would have a redshift of about z = 6. However, it
is very unlikely that Gaia measures a very bright quasar (Grys < 16 mag) at such a large redshift. Hence
we do not consider this BEL in our following studies. For the other five emission lines, we give the
wavelength interval for which the BEL maxima always are within the blue shaded band (Figure 4.16)
in Table 4.2. Additionally, we list the increasing interval width in the table to show the effect of time
dilation with redshift.

4.5.2 The Signal-to-Noise Ratio of RVS Spectra

In order to investigate variability of spectral lines in the RVS, we have to consider the SNR of its high-
resolution spectra. We want to determine the SNR in dependence on quasar brightness when Ha, Hf,
Mgll, CIII], or CIV fall into the RVS. For this, we consider a diagram of the SNR per sample (Gaia term
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Figure 4.16: The six diagrams show the spectra of Ho, HB, Mgll, CIII], CIV, and Lyo of the VB2001
template in Gaia’s RVS wavelength range (blue shaded area). We adjust the arbitrary flux units in such way
that the individual BELs are optimally visible. We can see that the line profiles are very different from each

other.
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Figure 4.17: We plot the SNR per sample (single CCD) of stellar continuum level spectra as a function
of magnitude Grys. The red dots are data points that we determine by the help of Dexter from the original
plot®>. Additionally, the blue line is our fit of the data. The diagram shows that the SNR per samples for
GRrys > 15mag and for single CCDs is smaller than one.

for data bins) of single CCDs as a function of Grys. This SNR data is given for the continuum level
of stellar spectra on the Gaia web page*. We fit these SNR data and present the resulting plot in Figure
4.17. It is visible that the RVS has a very low SNR per sample (single CCD) of less than one for objects
fainter than Grys ~ 15mag. However, the RVS covers about 1,000 samples and we can obtain much
higher SNRs when we rebin the samples that comprise the individual quasar lines. If a broad emission
line falls in the RVS wavelength range, the signals are very different to a continuum. But a continuum
was assumed for the plot, that we show in Figure 4.17. We have to apply an approximation in order to
make conclusions on the SNR for quasar lines in the high-resolution spectrum. Our idea is to assume a
constant SNR in the FWHM of the selected spectral line and to rebin the samples that cover the FWHM
of a spectral line.

The FWHM of each considered BEL and hence also the number of samples that cover the FWHM is
different. Therefore, we count the samples for every BEL-FWHM using the VB2001 template spectrum
at individual BEL redshift. We consider that, similarly to the quasar spectrum, the FWHM of every
spectral line increases with redshift:

FWHM(z) = (1 +z) -FWHM(z = 0). 4.11)

The values of the FWHM(z = 0) are available in VB2001 for every BEL. Furthermore, we infer the
expected magnitude (mpwmm,iine) in the five different FWHM(z) using the (magnitude transformation)
Equation 4.10. For this, we calculate Vega’s flux as reference fy in the FWHM wavelength interval

for all five BELs. Although a quasar would have a magnitude of Grys ~ 17 mag, the magnitude in the

“http://www.cosmos.esa.int/web/gaia/snrwithoriginal, accessed on April 1, 2016.
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emission line peak (we use the FWHM wavelength interval) is always brighter than Grys. Because
the VB2001 spectrum has arbitrary flux units, we select several SDSS quasars with magnitudes between
14 < Grys < 17 for each BEL redshift to scale the template flux. Now we convert the FWHM magnitude
of the BELs to their instrumental RVS magnitude by

GRvS = MFWHM.line + AMFWHM line - (4.12)

We estimate magnitude differences Ampwpmiine to 0.81 mag (Har), 0.36 mag (HP), 0.35 mag (MglI),
0.04 mag (CIII]), and 0.09 mag (CIV). The magnitude transformation is necessary in order to infer the
values of the SNR per sample SNR; in Figure 4.17. Now we can calculate the SNR in the FWHM for
the five emission lines by

SNREwnHMBEL1 = V3 - SNRV/4s. (4.13)

The quantitiy #s is the number of samples covering the FWHM. The factor v/3 accounts for the three
CCDs in the along-scan direction of the RVS that measure spectra for every single observation. In
Figure 4.18, we plot our calculated SNRs of broad emission line FWHM against the RVS magnitude
Grys. In this process, we present the results for Hoe (blue dots), HB (red triangles), MglI (green pluses),
CIII] (purple crosses), and CIV (black squares) individually. The vast majority of quasars with BELs are
fainter than Grys = 15 mag. Hence we only show these SNRs for magnitudes between 15 mag < Grys <
17mag. The SNR results are slightly different for the distinct BELs. At the faint end, all SNRs are only
between five (HB) and seven (CIV). The SNR increases to twelve (HB) until sixteen (Ha) at magnitude
Grys = 16 mag. For bright quasars with Grys = 15mag the SNRs of all BEL-FWHM are at least thirty.

Hp shows the smallest value of the SNR because this line has the smallest equivalent width.

In the following, we determine the SNR in the FWHM by following an alternative approach to
confirm our previous approximations. In this way, we calculate the SNR initially in every sample for
every BEL. Then we determine the SNR in the FWHM by the formula

Enfn
V Zm(fm/SNRm)2

In this equation, we choose the sample number as index m, the sample flux as f;,, and the SNR of sample

SNRpwhMmBEL2 = V3 (4.14)

m as SNR,,. We calculate SNRrwpwm gL 2 for different magnitudes between 14 mag < Grys < 17 mag.
To infer the flux at different magnitudes, we scale the VB2001 template spectrum with SDSS quasars. We
present the results of our second SNR approach in Table 4.3. When we compare both SNR approaches
(Figure 4.18 and Table 4.3), we find similar values for the SNR in the FWHM of He, HB, Mgll, CIII],
or CIV. Hence we can use our SNR calculations to analyze research prospects when BELSs fall into the
RVS.

Due to four CCD rows of the RVS on the focal plane (Figure 2.1) in comparison to the seven CCD
rows of the blue and red photometers, the number of subsequent observations is smaller than for the blue
and red photometers. As explained in Chapter 2, we estimate that there are typically three subsequent
RVS observations within a few day. In case we coadd three subsequent measurements, the SNR in the
FWHM of BELs increases by a factor of V3.

The RVS of Gaia does not reach the proposed magnitude limit of Grys = 17mag, but a limit of

48



4.5. GAIA’S HIGH-RESOLUTION QUASAR SPECTRA

N
o

w
w

w
o

N
w

SNR of BEL-FWHM
= N
wl o

=
o

15.0 15.5 16.0 16.5 17.0
Grys [mag]

Figure 4.18: For the BELs Har, HB, Mgll, CIII], and CIV we calculate the SNR of their FWHM as function
of Grys. Because quasars are faint objects, we show the results for magnitudes Grys > 15mag. The SNR of
all emission lines is only between five and seven at Grys = 17mag. Diagram from PW2015.

Gryvs ~ 16mag>. Therefore, we have to study the revised plot of the SNR per sample which we find
on the Gaia web page®. This time, the diagram is only available for the end-of-mission (composite)
spectra but again for the continuum level of stars. Additionally, the plot of the SNR per sample is only
shown until a magnitude of Grys ~ 15mag. To reach the revised magnitude limit of Ggrys = 16 mag, we
extend the revised function of the SNR per sample linearly in the logarithmic plot. From this plot, we
infer the revised values of the SNR per sample for Grys = 15mag and Grys = 16 mag. Additionally,
we divide the revised SNRs per samples by /40 to obtain the value for a single measurement. Now we
can compare the previous SNR per sample (Figure 4.18) with these two values. We find that the values
of the SNR per sample (single measurement) for Grys = 15mag and Grys = 16mag are about 0.33
and 0.13, respectively. Hence they are similar to the previous values but for 1 mag fainter magnitudes
(Grvs = 16mag and Grys = 17mag) in the previous SNR per sample plot. At least for faint magnitude
Grys 2, 15mag, we can use our previous estimations but shifted towards 1 mag brighter objects.

Next we consider the revisions due to Gaia’s magnitude shift and three subsequent RVS measure-
ments within a few days in order to plot the final diagram of the SNR per sample in the FWHM for
all five BELs (Figure 4.19). In contrast to Figure 4.18, we only show magnitudes between 15mag <
Grys < 16mag but we use the same range of the SNR on the ordinate. Our final values of the SNRs in
the FWHM are between nine (Hf) and twelve (CIV) for Grys = 16 mag and between 21 (Hf) and 27
(Ha) for Grys = 15mag.

Shttp://www.cosmos.esa.int/web/gaia/science-performance, accessed on April 3 2016
Ohttp://www.cosmos.esa.int/web/gaia/sn-rvs, accessed on April 3 2016
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line | Grys [mag] | SNRrwHM,line
Ha 16.9 6
16.3 11
15.0 33
14.0 71
HB | 17.1 5
16.5
159 12
14.8 32
Mgll | 16.9 6
16.3 9
16.1 11
15.3 23
CII] | 17.0 6
16.2 12
CIV | 16.9 8

Table 4.3: We show the RVS signal-to-noise ratios in the FWHM of Ha,, HB, Mgll, CIII], or CIV for several
magnitudes between 14 mag < Grys < 17 mag). In this SNR analysis, we determine Grys by equation 4.14.

4.5.3 Quasar Research when Spectral Lines fall in the RVS

Before we study potential quasar research with Gaia’s high-resolution spectra, we want to know how
many quasars have redshifts for which the BELs Ha, HB, MgII, CIII], or CIV are within the wavelength
range of the RVS. For this, we first search for all quasars brighter than Grys = 16 mag (in the beginning
of our study Grys = 17 mag) that are given in the simulated Gaia quasar catalog (Robin et al. 2012). We
find 5153 quasars for the previously proposed magnitude limit and 584 quasars for the revised magnitude
limit. Out of these objects, only a small fraction will have BELs in Gaia’s high-resolution spectral range.
In Table 4.4, we list the number of bright quasars with BELs in the RVS for both magnitude limits. For
the magnitude limit of Grys = 17 mag, we determine 579 quasars with lines in the RVS. However, due
to the revised 1 mag brighter magnitude limit, the number of quasars decreases by about one order of
magnitude to 70 objects. Out of these quasars, the majority will have Ha in the RVS. In Figure 4.20,
we present the redshift distribution of expected quasars (Robin et al. 2012) brighter than Grys = 17 mag
(red) using a redshift bin width of 0.2. Moreover, we plot the fraction of quasars that additionally have
BELs in the RVS in black. For the latter quasars, we select a redshift bin width for which the maxima
of the individual BELs are within the RVS. We list the redshift intervals (bin width) for Ha, HB, MgII,
CIII], and CIV in 4.4.

The SNR per sample in the RVS is extremely low at the faint magnitude limit of Grys = 16 mag.
We need strong BEL signals for useful measurements. Additionally, we rebin the samples that cover
the width of an emission line. Although we increase the SNR by using the FWHM of broad emission
lines, the SNR is still only about nine and twelve at the revised RVS magnitude limit. Hence it is not

possible to investigate absorption lines or narrow emission lines with Gaia’s RVS that would have much
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Figure 4.19: We show the revised SNR in the FWHM of the BELs Ha, Hf, Mgll, CIII], or CIV as function
of Grys. For this, we considered the magnitude limit Grys = 16 mag and three subsequent measurements.
The colors are the same as used in Figure 4.18.

smaller SNRs than the FWHM of He, HB, Mgll, CIII], or CIV. Even when the SNR in some samples of
narrow emission lines is as large as twenty (for example), the quasar magnitude Grys would be fainter
than the RVS magnitude limit. We expect about seventy quasars (Table 4.4) that will get high-resolution
spectra of a broad emission line. For these quasars we can explore the dynamics or the geometry of
the broad emission line region by analyzing the line profile and variability. However, at the faint end
(Grys = 16mag) the uncertainties would be very high due to the small SNR. The combination of high-
and low-resolution quasar enables further quasar studies. For example, we can measure the FWHM
of individual broad emission lines with the RVS. To identify the BEL (the quasar redshift), we need
the information of Gaia’s blue and red photometers. If we are able to infer the time lag between BEL
and continuum radiation from Gaia’s low-resolution spectra together with the FWHM from the high-
resolution spectrum, we could approximate the black hole mass by Equation 3.16. Because of Gaia’s
scanning law with observational gaps of typically two months, especially quasars with large time lags

and high observational cadence are suitable for black hole mass estimations.

4.6 Astrometric Quasar Analysis with Gaia

In this section, we summarize potential astrometric investigations of quasars from the literature. Further-
more, we give an outlook whether it is possible to detect the potential astrometric shifts with the Gaia
satellite. We presented this section also in our paper PW2015.

Taris et al. (2011) describe an interaction between flux variability and photocenter changes in quasars.

Based on this investigation, Popovi¢ et al. (2012) simulate the variability of the photocenter related to
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BEL | z range Grys < 17mag | Grys < 16 mag
Ho 0.291 - 0.326 || 349 47

Hp 0.742-0.791 || 94 11

MglI | 2.027 -2.110 || 103 8

CIII] | 3.440-3.565 || 18

CIV | 4.480-4.633 || 15 3

X 579 70

Table 4.4: We present the number of quasars from the simulated Gaia quasar catalog which have BELs
in Gaia’s RVS. Furthermore, we show the results for the previous and the revised magnitude limit (Grys <
17mag and Grys < 16 mag).
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Figure 4.20: We plot the redshift distribution for simulated Gaia quasars that are brighter than Grys = 17 mag
(red) in redshift bin width of 0.2. Furthermore, we show the fraction of these bright quasars with BELSs in the
RVS (black). The changing bin widths for Ha, HB, MgIl, CIII], and CIV (left to right black bins) represent
the redshift interval when at least the BEL maxima are within the RVS. Histogram from PW2015.

variations in the accretion disk and the dust torus of quasars. They estimate that accretion disk perturba-
tions of low-redshifted AGNs with huge black hole mass (> 10°M,,) may induce photocenter shifts of a
few milliarcseconds. In addition, torus related photocenter offsets, which result from illuminations when
dust covers the central region, could be as large as several milliarcseconds. Hence both effects would
be observable with Gaia. Furthermore, Popovic et al. (2012) emphasize that Gaia’s quasar sample for
construction of the reference frame should not contain objects with photocenter variability.

Shen (2012) explores the opportunity of astrometric reverberation mapping. In case of a non-
spherically symmetric BLR in spatial structure and velocity distribution, photocenter offsets are induced
by different BLR arrival times of continuum variations. In addition to common reverberation mapping,
astrometric reverberation mapping offers independent limitations on geometry and kinematic configura-
tion of BLRs like inclination or rotation angles. For typical quasar luminosities and a redshift of z ~ 0.5
the author determines expected photocenter offsets of some tens of microarcseconds. The amount would

be slightly larger for dust tori astrometric reverberation mapping. Hence Gaia’s astrometric accuracy for
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a single-observation of quasars is not sufficient to measure astrometric reverberation mapping of their
BLR and it is unlikely to measure the event for dust tori of quasars.

Another application of astrometry with quasars is astrometric microlensing. This effect causes a small
positional shift of quasars, which are gravitationally lensed by small stellar mass foreground objects. As-
trometric microlensing in multiply lensed quasars or in single quasars can cause center-of-light (centroid)
displacements (Lewis & Ibata 1998). This centroid is the weighted sum of all unresolved microimages
produced by microlensing, and it can be displaced due to creation of a bright pair of microimages during
a caustic crossing. The photocenter shift in quasars by astrometric microlensing of stellar mass objects
in the lensing galaxy could be of order tens of microarcseconds and has a timescale of months or years
(Treyer & Wambsganss 2004). Even if Gaia might not be able to measure the astrometric microlensing
effect in quasar sources by single stars, microlensing induced by small mass stellar clusters in the lens-
ing galaxy could cause centroid shifts of several milliarcseconds. This would be detectable with Gaia or

complementary satellites (Popovi¢ & Simi¢ 2013).

4.7 Conclusions

The Gaia mission provides two low-resolution spectra from Gaia’s blue and red photometric instruments
(BP and RP) that have wavelength dependent dispersion. In this chapter, we studied these photometers
to investigate the quasar spectra detected by the satellite. For this, we simulated Gaia’s low-resolution
quasar spectra by convolving the composite quasar spectrum VB2001 with a gaussian kernel. In addi-
tion to a noiseless spectrum, we analyzed the important noise contributions (photon noise) to produce
a series of low-resolution quasar spectra at different magnitudes and redshifts for individual observa-
tions (five single field-of-view measurements) and for the end-of-mission (72 combined field-of-view
measurements).

By analyzing individual low-resolution quasar spectra for magnitudes G = 16 mag, 18 mag, 19 mag,
and 20 mag, we observed the influence of noise to the spectra. In these spectra, we could detect spectral
features like the broad emission lines, broad absorption lines, or the "small blue bump" for all bright
quasars G < 18 mag. For fainter objects, the redshift is relevant to detect the features in the VB2001
template spectra. When we increase the magnitude to 19 mag or even 20 mag, the SNR decreases signif-
icantly and we can not observe several spectral characteristics in individual spectra. For quasars that are
very different to the composite quasar spectrum, the equivalent widths and shapes of their broad lines
are important as well to make realistic predictions. Additionally, we produced low-resolution VB2001
quasar spectra after five years of observations to study the detectability of quasar redshifts with Gaia. At
the end of the mission, we are able to calculate quasar redshifts even at the faint end. In each analyzed
redshift interval, there are at least two BELs. However, some redshift areas are more difficult (resulting
in higher uncertainties) due to the absence of very prominent lines like Hoe or Lya. For large redshifts
(z 2 2.3), we obtain the easiest region to measure the redshift.

Afterwards, we studied our low-resolution quasar spectra at different redshifts and magnitudes to
investigate potential variability measurements with Gaia. Due to Gaia’s scanning law, we found that
the satellite is very suitable to analyze long-term continuum and BEL variability of order months to a
few years for bright quasars with magnitudes G < 18 mag. By measuring equivalent widths of BELs,

we will be able to study the Baldwin effect for these quasars. Those quasars, which have much more
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than the 72 average number of observations, are promising candidates for a large reverberation mapping
campaign. By determining the time lag between the continuum and the BEL response, we can study the
geometry of the broad line region. Additionally, we could follow the suggestions of Watson et al. (2011)
and infer cosmological luminosity distances for these quasars to test different cosmological models. For
this approach, we need sufficiently large time lags detectable with Gaia. Therefore, the most suitable
quasars have large redshifts, large BLR radii (large luminosities), and we should select low-ionisation
lines as they are emitted at larger radii than high-ionisation lines.

In addition to Gaia’s low-resolution spectra, there is a radial velocity spectrograph which records
high-resolution spectra (R ~ 11,500) in a small wavelength range (8,470 A <A < 8,710A). We analyzed
bright quasars that have redshifts for which the broad emission line Her, HB, Mgll, CIII], or CIV falls in
this interval. We determined 70 quasars brighter than Grys = 16 mag that have a BEL in this wavelength
band. But to make reliable predictions on potential variability studies with these objects, we calculated
the SNR in the FWHM of the important BELs. For the 70 objects with BELs in the RVS wavelength
range, we could study the line profile and its variations with time, to better understand the structure and
the dynamics in the BLR. For these objects we should use information from BP and RP as well, for
example, to infer the quasar redshift. However, the SNR in the FWHM is extremely low at the faint end.

Hence the analysis of BAL or all kind of narrow lines is not possible with Gaia’s RVS.
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Chapter 5

SDSS Quasars with Broad Emission Lines
in the Radial Velocity Spectrograph

In the last chapter, we searched through the simulated Gaia catalog (Robin et al. 2012) and found 579
quasars that have BELs in the wavelength interval for which Gaia provides a high-resolution spectrum
and which are brighter than the originally proposed magnitude limit of Grys = 17mag. Due to the
revision of the limiting RVS magnitude to Grys = 16 mag, the number of objects decreased to 70. In this
chapter, we search for those bright quasars that are already known from SDSS and which additionally
have BELs that will fall into Gaia’s RVS wavelength interval. By analyzing the spectra of these SDSS
objects, we can identify interesting BEL variations. But for this, we need at least two quasar spectra
(the majority has only one spectrum) available within SDSS. If so, they are promising candidates for line
variability studies which can be induced by continuum responses or by variations in the BLR itself. As
mentioned above, the resolution of SDSS spectra A /AA is about 2,000 and the wavelength interval is

somewhat smaller than the wavelength range of Gaia’s low-resolution spectra.

5.1 Number of SDSS Quasars with BELSs in the RVS

We use the SDSS bulk search tool! in order to identify those quasars that are brighter than the previous
(later on the revised) Grys magnitude limit and that have redshifts for which BELs fall into the wave-
length range of the RVS. To infer the magnitude limit of SDSS quasars, we determine the magnitude
Grys for a series of SDSS quasars by integrating the line flux between 8,470 A < A < 8,710A for these
individual quasars and for the star Vega as reference. Therefore, we consider a few quasars for every
BEL that falls in the wavelength range of the RVS. For each line, we select several quasars at different
magnitudes. Then we use Equation 4.10 to calculate Grys. The Grys magnitude strongly depends on the
quasar redshift and we can not find simple magnitude transformation equations like between G and V or
G and 7 in Chapter 4.1. Our approach delivers that the SDSS magnitude 7’ is typically between 0.5 mag
and 0.7 mag (only for some objects even 1.0 mag) fainter than the corresponding magnitude Grys. Hence
we select SDSS quasars with 7/ = 17.5mag (later on 7/ = 16.5mag) to find SDSS quasars with BELs in
the RVS that should get high-resolution spectra from Gaia.

In Table 5.1, we present the estimated amount of bright SDSS quasars, emphasized in blue, for

Uhttp://skyserver.sdss.org/dr12/en/tools/search/sql.aspx, accessed on April 10, 2016
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SPECTROGRAPH

BEL | zrange Grvs < 17mag | 7 <17.5mag || Grys < l6mag | 7/ < 16.5mag
Ha 0.291 - 0.326 || 349 341 47 37

Hp 0.742-0.791 || 94 90 11 7

Mgll | 2.027 -2.110 || 103 96 8 8

CII] | 3.440-3.565 || 18 6 0

CIV | 4.480-4.633 || 15 2 3 0

X 579 535 70 52

Table 5.1: We list the number of quasars from SDSS in comparison to the simulated Gaia quasar catalog
which have BELs in Gaia’s RVS. We present the numbers for the previous and the revised magnitude limit
(Grys < 17mag, 7 < 17mag, Grys < 16mag), and 7/ < 17 mag.

the individual redshift intervals. For this list, we check the spectra of about 600 quasars in the SDSS
bulk search tool by eye and delete about 70 objects because they were misidentified mainly as stars.
Additionally, we repeat the resulting numbers from the simulated Gaia quasar catalog in the table to
compare the number of quasars for both catalogs. As expected, both numbers are very similar but we
miss some SDSS quasars at the faint magnitude limit. However, due to the low SNR at Grys = 17mag
(Grys = 16mag), those quasars would be very difficult to investigate with Gaia’s RVS. We expect that
Gaia is detecting 535 (52) SDSS quasar spectra for which we could analyze Ha, HB, Mgll, CIII], or
CIV. In the following, we analyze these 535 (52) quasar spectra in order to find promising candidates for

a line variability study.

5.2 Selected SDSS Quasars with Variable Spectra

To study interesting and variable SDSS quasar spectra, we search for all bright quasars (first 7/ <
17.5mag, later on 7 < 16.5mag) that have at least two spectra available in the SDSS dr7 database
(Schneider et al. 2010) and a BEL in the RVS wavelength range. In this process, we produce a prelimi-
nary candidate list. We analyze the variablity features of these objects and validate their flux variations
by studying stellar spectra with same Julian Date and Plate information. From this, we obtain a final
candidate list that contains six interesting quasars from SDSS. They show either strong BEL changes or
continuum variations in a timescale of weeks or months which should additionally lead to BEL variabil-
ity. Figure 5.1 shows the individual line spectra of those quasars in the wavelength interval of Gaia’s RVS
(blue). Moreover, we present their magnitudes, the detected BEL, and the dates of individual spectra in
Table 5.2. Because the spectra of the individual quasars change, Grys varies with time and we have
to select one spectrum to calculate this magnitude in Table 5.2. We see that two candidates (1 and 2)
exhibit strong continuum shifts within months or even weeks. In contrast, candidate 3 produces strong
BEL variability, but only very small continuum variations. Whereas candidates 4 and 6 show variability
in BEL and continuum. The spectrum of candidate 5 is more complicated, because we find a jump in its
continuum flux below A = 6,000A. We detect this jump also in parallel spectra of stars. However, the
variability of its BEL at larger wavelengths most likely is true. Candidate 1 and 5 have HfB in the RVS
wavelength range (line with lowest SNR in FWHM) and in addition to this, Grys amounts to 16.3mag

and 16.3 mag, respectively. Hence their spectra would be more noisy than the spectra of candidates 2,3,4,
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BEL | z’ [mag] | Grys [mag] | Dates of Spectra
1| HB 17.0 16.3 2002-Nov-30, 2000-Sep-22, 2000-Dec-06, 2000-Sep-23, 2001-Oct-18
2 | Mgll | 15.8 15.2 2000-Sep-28, 2001-Sep-24, 2000-Sep-23
3 | Ho 16.3 154 2000-Sep-05, 2002-Sep-01
4 | Ho 17.0 16.6 2001-Mar-28, 2000-Sep-25
5| HB 17.1 16.4 2011-May-24, 2004-May-11
6 | Ha 174 16.5 2000-Apr-27, 2001-Feb-14

Table 5.2: We list the affected BEL in the RVS, the magnitudes, and the epochs of spectra observations for
candidates 1 to 6 (see Figure 5.1). The dates, written from left to right, correspond to the spectra from top to
bottom.

BEL | 7z’ [mag] | Grys [mag] | Dates of Spectra
Ib | MglIl | 15.8 15.4 2012-May-26, 2008-Jan-13
2b | Mgll | 15.8 15.3 2012-Apr-15, 2007-Mar-24
3b | HB 15.6 14.6 2002-Oct-07, 2002-Mai-30
4b | Mgll | 15.8 15.1 2000-Sep-28, 2000-Sep-23

Table 5.3: We give the affected BEL in the RVS wavelength interval, the magnitudes 7’ and Ggrys, and the
epochs of spectra measurements for quasars 1b to 4b in Figure 5.2. The dates, written from left to right,
correspond to the spectra from top to bottom.

and 6.

Apart from SDSS quasars, we find a (physical) binary quasar (LBQS1429-008) and a bright multi-
ply lensed quasar (HE2149-2745) in the CASTLE Survey (Kochanek et al. 2013) which have suitable
redshifts for our study?. But we have not enough spectral information to analyze the potential variabil-
ity of their BELs. For both objects, we could study the MgllI line with Gaia’s RVS. The quasars have
magnitudes of H = 15.79mag (LBQS1429-008) and / = 16.29 mag (HE2149-2745).

Because the magnitude limit for detecting objects in the RVS changed, we have to repeat the search
for variable SDSS quasars. Only four of the 52 SDSS quasars with suitable redshift and 7 < 16.5mag
have two available spectra. Hence we have not enough information to select the most promising quasar
candidates that exhibit strong variable BELs. However, these four quasars have interesting line spectra
and hence we plot their BELs signatures in Figure 5.2. Quasar candidates 1b and 2b have variable BELs
within a few years, whereas the quasar candidates 3b and 4b show variations within six weeks (3b)
and five days (4b). We determine the Grys magnitude for all of these four SDSS quasars. For this,
we select the spectrum that corresponds to a fainter magnitude. As mentioned above, the spectra and
magnitudes of the individual quasars vary with time. For example, for the first object 1b, we determine a
magnitude of Grys = 14.9 mag in the red spectrum and Grys = 15.4mag in the black spectrum. In Table
5.3, we present the affected BEL, the SDSS 7/ magnitude, and our calculated Grys magnitude (selected

spectrum) for all four quasars.

Zhttp://cfa-www.harvard.edu/glensdata/
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Figure 5.1: We present six bright SDSS quasars (7 < 17.5mag) which have BELs in Gaia’s RVS and at
least two available spectra in dr7. The blue shaded region indicates the RVS wavelength interval. These
objects would be promising candidates for a BEL variability study for Gaia’s previous magnitude limit. We
list important information of the six quasars in Table 5.2. Plots from PW2015.
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Figure 5.2: We present the four bright SDSS quasars (7' < 16.5mag) which have BELs in Gaia’s RVS and
two available spectra. These objects are promising candidates for a BEL variability study with Gaia. We list
important information of the four quasars in Table 5.3.

5.3 Conclusions

Due to the revised magnitude limit of Grys < 16 mag, we expect that Gaia’s radial velocity spectrograph

is obtaining high-resolution spectra of broad emission lines for about 70 quasars. By estimating the

corresponding SDSS magnitude limit to 7/ = 16.5mag, we find 52 SDSS quasars with relevant redshifts.

For four of these quasars, we plot their spectra in order to show their variable broad emission lines. For

this very small number of quasars that Gaia should detect with the RVS (~ 70), we could investigate the

profile of BELs and its variations with time as explained in the last chapter. There are on average about

40 measurements within Gaia’s lifetime of five years. Hence we could only analyze long-term variability

of BELs. Although we have some quasars with additional intraday observations, we would need to coadd

the spectra to obtain a higher SNR in the RVS spectrum instead of analyzing single spectra.

59



CHAPTER 5. SDSS QUASARS WITH BROAD EMISSION LINES IN THE RADIAL VELOCITY
SPECTROGRAPH

60



Part 11

The Astrometric Microlensing Effect with

Gaia







Chapter 6

Introduction

Gaia measures the positions and kinematics of about one billion stars in the Milky Way. Due to its posi-
tional accuracy and the large amount of stars, the satellite is able to observe the astrometric microlensing
effect. In our work we consider the special case of strong gravitational lensing with a pointlike lens and
source which we call microlensing. When the projected positions on the sky of observer, lens, and source
are close, but not perfectly aligned always two images exist. However, the images have a separation of
order two Einstein radii (typically a few milliarcsecond) and only their light centroid could be observ-
able with precise astrometric telescopes. Instead of two images, an Einstein radius would appear if all

components are perfectly aligned. The Einstein radius for microlensing in the galaxy is given by

Cojaem 11
GE - \/ C2 <l)]_l DS>7 (61)

where Dy, and Dg are the distances of source and lens to the observer, and My, the mass of the lens (Chwol-

son 1924; Einstein 1936; Paczynski 1986). For small angular separations (< 6g) of lens and source, one

can also detect the corresponding magnitude change which is called photometric microlensing.

A quantity to describe the probability of microlensing events is the optical depth 7. Paczynski (1986)
describes it as an integral along the line-of-sight:

r— /DS 4nG - DL DS —DL)

Dy)dD 2
& Ds p(DL)dDy, (6.2)

where p(Dy) characterizes the average matter density of microlensing at the lens distance. He estimates
that about one in a million stars (7 = 5-10~7) will be affected by microlensing. However, Paczynski
assumed a projected lens source separation smaller than one Einstein radius. This is necessary to detect
photometric microlensing, but one can measure the astrometric displacements to much larger angular lens
source distances. Hence the optical depth and probability for astrometric microlensing is considerably
higher. Belokurov & Evans (2002), for example, determine an all-sky astrometric microlensing optical
depth for Gaia of about T, = 2.5- 1072, In comparison to Paczynski (1986), they calculate a slightly

smaller value of Tphoe = 1.2 10~7 for photometric microlensing.

The probability to detect an astrometric microlensing event with a nearby lensing star is higher than

with a distant lens. This is reasonable due to their larger proper motion and larger Einstein radius (Equa-
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Figure 6.1: Left panel: The trigonometric parallax 7 is an angle which is defined by the distance between
earth and sun (au) and the distance to the star. Right panel: The illustration shows the effect of an increasing
parallax with stellar distance to the earth (7; > m,). One can measure the same effect for proper motions that
are typically higher for nearby stars. Image according to Proft (2010).

tion 6.1). Similarly to the proper motion, the trigonometric parallax 7 (e.g., Weigert et al. 2006),

lau

Sin(ﬂ) = D7,
L

(6.3)
is larger for stars in the solar neighborhood. For small angles, as in the case of stellar parallaxes, we
have sin () ~ 7. Hence if Gaia measures the stellar parallax (in arcseconds), we can calculate the
distance to the object (in parsec). Schematically, we describe the parallax and the effect of decreasing

parallax/proper motion with distance in Figure 6.1.

In this chapter, we give an introduction to the basics of astrometric and photometric microlensing.

Furthermore, we present important information on the observation of microlensing with the Gaia satellite.

6.1 Basics of Photometric Microlensing

We define photometric microlensing as the amplification of light from a pointlike source by a pointlike
lens. As described in Section 4.3, there are always two images (I+ and I-) due to the focusing of light.
However, in case of microlensing one can not resolve the two images with current telescopes, which have
a separation of about 26g. With a typical mass interval of 107° < m /M., < 10, the Einstein radii for
microlensing are of order milliarcsecond or smaller (Schneider et al. 2006). We can only determine the

total image magnification derived by Paczynski (1986)
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6.2. THE THEORY OF ASTROMETRIC MICROLENSING

where the impact parameter u characterizes the projected distance between lens and source:

6s — 61

6.6
o (6.6)

i=
The total magnification A(u) is always larger than one, but the sum of the individual image magnifica-
tions is equal to one (AL +A_ = 1). For large and small angular separations one can approximate the
magnification by (Dominik & Sahu 2000)

2
A(u)~1 +7 (u>1), (6.7)
A(u) ~ é (u<l). (6.8)

Hence in case of a large impact parameter, the magnitude shift

5

Amag = In10-u4

(6.9)

strongly depends on the angular separation but a photometric microlensing event is only observable for

a small impact parameter. Due to this, the Einstein time

_ Dp6g  6g
g = = —

6.10
v o (6.10)

is the typical timescale in photometric microlensing. It describes the duration to cross the Einstein radius
Og and contains lens information on its proper motion U, the distance Dy, and the transverse velocity
v, . We can determine the Einstein time from observed microlensing light curves. But for the derivation
of the individual lens parameter, we need additional lens measurements, which are often not available.
One could solve the degeneracy problem of lens parameters for special cases such as visible lenses, high
magnification microlensing events (A(u) > 1), or binary lenses (Schneider et al. 2006). Apart from lens
mass detections, one can use photometric microlensing observations to detect extrasolar planets (Mao &
Paczynski 1991) or to study the density of bright- or dark objects (Paczynski 1986).

In Figure 6.2, we present different microlensing scenarios with small impact parameters (¢« = 0.1, 0.3,
0.5,0.7,0.9, and 1.1). On the left image there is a point mass M causing an Einstein ring shown as dashed
circle. The solid lines in the panel are the path of a source object for the individual impact parameters.
Their corresponding source image magnification Amag is given on the right panel in dependence on the
time in units of 7. One can see that the smaller the impact parameter the larger is the magnification. If
u converges to zero, the magnification diverges theoretically to infinity. In practice, the pointlike objects

have a dimension and the finite source size effect limits the magnification of the source image.

6.2 The Theory of Astrometric Microlensing

Apart from magnitude variations also the apparent position of the source will change due to microlensing.
To detect this positional shift of a background star, high astrometric accuracy is necessary. In Figure 6.3,

we show the principle of an astrometric microlensing event for a lens (red cross) with a distance of 50
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Figure 6.2: Left panel: A lens with mass M has an Einstein ring (dashed circle) with a radius given by
Equation 6.1. The solid lines represent trajectories of a source with minimal impact parameters of ug = 0.1,
0.3, 0.5, 0.7, 0.9, and 1.1. Right panel: In this diagram the corresponding magnification (Amag) for the six
different minimal impact parameters in dependence on the time are shown. We can see that one can measure
photometric microlensing events only for small impact parameters of u < 1 (Schneider 2006).

parsec and an Einstein radius of 8.5 milliarcseconds. In this example, the projected lens-source distance
is 4.25 milliarcseconds (impact parameter # = 0.5). The position of the source (black dot) is fixed, but
the lens (red cross) is moving in the upper panel. Due to microlensing there are two source images shown
as blue open circles at coordinates

l — —
6. =5 [ui\/u2+4] i owith 7=

) (6.11)

SN

However, current telescopes can not resolve the images. Hence only the light centroid (purple dot) is
measurable. When the lens is moving from left to right, the centroid shift image moves clockwise on an

elliptical orbit with semi-major axis (Dominik & Sahu 2000)

1
a= . 6 (6.12)
20/ uf+2
and semi-minor axis
U
b=——>+—— 06g. 6.13
2(ul +2) % 6.13)

The plot shows the displacement for an observer in the focus without considering the effect of the
parallax. At each time, the positions of lens, source, source images, and centroid shift are aligned.
The black circle indicates the Einstein ring of the lens for the situation when all images and true stellar
positions are on the dashed line. The bottom panel shows the centroid shift trajectory for the astrometric
microlensing event, but for impact parameters u = 0.5, 1, 2, v/2, and 5.

In the following, we give the most important equations of the astrometric microlensing effect starting
with a dark lens which is much fainter than the source. Considering the position of the two source

images (0 outside and O6_ inside the Einstein radius) and their magnifications, we can calculate the
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60y [mas]

960, [mas]

Figure 6.3: Upper panel: The illustration shows an astrometric microlensing event with a theoretical lens
at distance 50 pc, Einstein radius of 8.5 mas, impact parameter of 0.5 (equivalent to 4.25 mas) and a distant
background star. At each time, the lens (red cross), source (big black dot), two unresolvable source images
(open blue circles), and the corresponding light centroid of the two images (violet dot) lie on one line (e.g.,
dashed line). (Proft et al. 2011, according to Fig. 3 of Paczynski 1996a). Bottom panel: We plot various
centroid shift trajectories, colored ellipses, resulting from the astrometric microlensing effect of the same lens
but for impact parameters ug =0.5, 1, V2,2 and 5 (Proft et al. 2011, according to Fig. 2 of Dominik & Sahu
2000)
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centroid position by (Hog et al. 1995; Miyamoto & Yoshii 1995; Walker 1995; Lee et al. 2010)

- vl 2
g, _Arbi a6 _ 6 [<+4>+} (6.14)

T AL+A- 2| w242

Using Equation 6.5 and 6.11, the shift between the light centroid and the unperturbed source position is
then
86, = 6. — Ogii =

- O (6.15)

At an impact parameter of u = /2 the centroid shift is maximal with (Paczynski 1998)
06 max =~ 0.3546g. (6.16)

For example, the maximal possible centroid shift of our example lens (D, = 50 pc, g = 8.5 mas, distant
source) with an impact parameter of u = 1/2 amounts to 3 milliarcseconds. For large and small impact

parameters, we can approximate the centroid shift by (Dominik & Sahu 2000)
1
86~ O (u> V2), (6.17)

SGC:gGE (u < V2). (6.18)

One can see above that for large angular separations the magnitude shift (Equation 6.9) decreases with
u~* and the centroid displacement (Equation 6.17) only with u~'. Hence Paczynski (1996b) and Miralda-
Escude (1996) conclude that the cross section for astrometric microlensing is much larger than for pho-
tometric microlensing. Due to the larger cross section, the duration of an astrometric microlensing event

is much larger than the Einstein time 5. Honma (2001) gives the average duration in which Gaia could

7 (1EbE
Last = 3 <9min> (6.19)

with an accuracy threshold 0,,;,. This threshold depends on the astrometric accuracy o, (Table 6.1) and

observe the positional displacement as

the number of consecutive measurements 7:

o — 3v20,
min — \/ﬁ .

In case of Gaia, we typically have n = 5. Furthermore, we consider a two-dimensional accuracy and

(6.20)

a 3-sigma-area for a convincing astrometric shift observation (Belokurov & Evans 2002; Lindegren &
Bastian 2011).

If one can not resolve a bright lens from the background source, we have to consider the luminous
lens effect. Similarly to equation 6.14, the position of the light centroid in case of a luminous lens is
(Dominik & Sahu 2000)

Z A0, +A_0_+ fisbL
c,lum — ’
AL +A_+ fis

(6.21)
where fi.s = fi/fs is the flux ratio of the lens and source objects. The centroid shift of a luminous lens
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is then given by
A0 +A_6_+ fisb  Ogu

86cum = : 6.22
elum AL +A_+ fis 1+ fis (6:22)
For large impact parameters (1 > v/2), one can approximate the centroid displacement by
06, = ! 6 (6.23)
c,lum - (1 +fLS)u . .

Additionally, for an astrometric microlensing event with a bright lens and a small impact parameter it
is reasonable to calculate the source centroid displacement for these impact parameters for which one
can resolve lens and source. In case of Gaia, we use an angular resolution of 200 milliarcseconds. In
this scenario, the largest with Gaia observable centroid shift would be at a lens-source distance of 200

milliarcseconds.

About half of all stars are part of a binary or multiple systems. Hence lensing stars have often a
companion which causes distortions, twists, and jumps in the astrometric microlensing ellipse (Han et al.
1999). In general the systems are widely separated with a projected binary distance d much larger than
the Einstein radius of the lens component that has the smallest angle to the source (primary lens). An &
Han (2002) calculate the influence of a second lens in a widely separated system with a close source on
the magnification and the centroid shift. Considering the mass ratio g = my/m of the binary system, the

magnitude of the second lens
2

q
Ay~ 1 +2ﬁ (d>?2) (6.24)
has a minor impact on the resulting microlensing light curve. But the centroid shift of the second com-

ponent
56> ~ 95,13 (d>V?2) (6.25)

can affect the trajectory to much larger angular separations depending on the second lens mass. In this

instance, we can determine the total centroid shift
86, ~ 86, + 86, (6.26)

as the superposition of the individual positional displacements of both lenses (Chung et al. 2009). Even
if we know that our lens candidate is a member of a multiple system, it is often difficult to estimate its

individual mass and hence the additional effect on the centroid shift.

The advantage of astrometric in comparison to photometric measurements is the opportunity to de-
termine the mass, distance, and velocity of a lens independently. In photometric microlensing it is often
only possible to measure the Einstein time which depends on all three quantities (Equation 6.10). If we
observe the centroid shift trajectory, we can infer the Einstein radius of the lens. Additionally, astromet-
ric measurements of the proper motion and parallax can solve the degeneracy problem. Therefore, the

astrometric detection of the microlensing effect enables to determine the mass of the lens

My = 0.123M®@ (6.27)
LS

with the use of the parallax of the lens source system (s = 71, — s) and the Einstein radius to high
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accuracies of a few percent (Paczynski 1998). Alternatively, if we can measure the angular distance
between lens and source and know the unaffected source position, one could calculate the centroid shift
of the microlensing event. We can obtain the most information and hence the best accuracy on the
mass measurement with supplementary photometric observations. All described measurements are only
possible if the lens is visible. For a dark lens, additional photometric detections are necessary for lens
mass estimations. Regardless of whether the lens is visible or not, complementary photometric obser-
vations should be done when one measures an astrometric microlensing event. For this, a prediction of

microlensing events and a microlensing alert system is reasonable.

6.3 Astrometric Microlensing Detections with Gaia

Gaia’s astrometric instrument provides high positional and proper motion accuracies especially for bright
objects. With an angular resolution of roughly 200 milliarcseconds (U. Bastian, priv. comm.), the satel-
lite can not resolve the two individual images resulting from the astrometric microlensing effect. But
from Gaia’s data we can derive the light centroid shift of source objects up to microarcsecond scale. In
this context, one has to be careful when working with resolutions and accuracies. Gaia is able to distin-
guish two close objects that have a small separation of about 200 milliarcseconds (angular resolution).
Otherwise, each measured object has an uncertainty in its position (astrometric accuracy). For bright
stars the errors on their position are of order microarcseconds.

For analyzing the positional displacements, we have to consider the astrometric accuracy of a single
measurement instead of the end mission accuracy listed in Table 2.1. The astrometric accuracy of a single
measurement depends on the brightness of the star, the object type, the extinction, and the position on the
sky. de Bruijne (2009) presents performances for different spectral types of stars and different interstellar
reddenings. Furthermore, he distinguishes between the along and across-scan direction for stars moving
over the Astrometric Field CCDs. Quasar spectra are very different from stellar ones. Additionally,
quasar spectra strongly depend on their redshifts. For our examination, it is suitable to use the positional
accuracies already presented in Belokurov & Evans (2002). The astrometric accuracies for faint objects
(2 15mag) described in Belokurov & Evans (2002) are similar to the standard errors for different stellar
types (along-scan, without reddening) presented in de Bruijne (2009). We list the astrometric accuracies
0y, used in our study, for magnitudes G between 10 and 20 mag in Table 6.1. One measurement is the
combination of the astrometric information from nine CCDs of the Astrometric Field.

For several reasons, only about 2% of detected astrometric centroid shifts can be additionally ob-
served as photometric event (Belokurov & Evans 2002). On the one hand Gaia’s scanning law produces
sets of measurements interrupted by measurement gaps. These gaps depend on the sky position but
typically they have a duration of about two months. In many cases, high proper motion stars cause astro-

metrically detectable microlensing events. While the duration for astrometric microlensing events with

G[mag] | 10| 11 |12 | 13 |14 | 15|16 |17 |18 |19 |20
0, [pas] | 30 | 30 | 30 | 40 | 60 | 90 | 150 | 230 | 390 | 700 | 1400

Table 6.1: Estimated astrometric accuracy for a single measurement of the Gaia satellite published in Be-
lokurov & Evans (2002). We list the accuracy o, in dependence on the apparent magnitude G for a mean sky
position.
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high proper motion lenses amounts to several months, the timescale of the corresponding photometric
event, the Einstein time, is of order days. Hence Gaia very likely would miss the source brightness
amplification of a detected astrometric microlensing event. On the other hand Gaia can monitor astro-
metric microlensing events to much larger impact parameter than the related photometric one (Equation
6.9 and 6.17). To increase the number of microlensing events with both astrometric and photometric
measurements, a microlensing alert system exists.

The Science Alert Development Unit, which is part of the CU5 (Coordination Unit: Photometric Pro-
cessing), is responsible for analyzing different kind of science alerts. In addition to microlensing events,
it also focuses on transients like supernovae, dwarf or classical novae, Gamma Ray Burst afterglows,
M-dwarf flares, variable stars, asteroids or surprising events. To find or follow up transient events, the
team compares current measurements with historic data and checks unexpected variations. The variabil-
ity can be classified from Gaia’s low-resolution spectra, the light curve, and cross-matching with stored
data (Wyrzykowski & Hodgkin 2012). About 1,000 photometric microlensing events are expected to be
observed by Gaia. These events are mainly located in the direction of the Galactic plane or bulge. Due to
Gaia’s scanning law, with typical observational gaps of several weeks, the majority of them should have
Einstein times larger than fg = 30 days (Belokurov et al. 2003). As mentioned above, the vast majority
of existing photometric events have small Einstein times. If an astrometric microlensing event is de-
tected by the alert system, the community will be informed to search for the complementary photometric
microlensing event with selected ground based telescopes (Wyrzykowski & Hodgkin 2012).

Instead of using the alert system, we focus on another possibility to improve the amount of mi-
crolensing detections. We predict astrometric microlensing events for the duration of the Gaia mission
by our microlensing program (Proft et al. 2011) considering star catalogs with high positional accuracies
and information on proper motions. In the next chapter, we describe the approach for these astrometric

microlensing predictions considering the characteristics of the satellite.
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Chapter 7

Prediction of Astrometric Microlensing
Events

The feasibility to predict astrometric microlensing events was first proposed by Paczynski (1995). He
also emphasizes that one can observe the corresponding photometric microlensing events with ground-
based telescopes. If one wants to predict astrometric microlensing candidates, one should search for
high proper motion stars having event durations shorter than the space mission. In addition to this,
faint lensing stars are suitable to avoid the luminous lens effect which decreases the light centroid shift.
These high proper motion stars are usually a member of our solar neighborhood within a distance of
about 100 parsec. Optimally, the astrometric deviation resulting from the microlensing effect increases
for smaller lens distances. Additionally, for many high proper motion stars the parallax is known. In
this case we can derive the lens distance to high accuracies. The precise knowledge of the lens distance
significantly improves the centroid shift calculation.

Salim & Gould (2000) were the first who searched systematically for nearby astrometric microlensing
events. The authors identified 178 astrometric microlensing candidates between 2005 and 2015 that
could be observed with the Space Interferometry Mission (SIM). This mission was canceled in 2010 and
the necessary astrometric accuracy of current telescopes is in general not sufficient to detect these 178
events. Since 2000 the positional and proper motion accuracies in suitable lensing catalogs considerably
improved. In principle, using current astrometric catalogs the centroid shift predictions are more reliable,
but one has to be careful because of stars that are wrongly assigned to high proper motion objects.

In Proft et al. (2011) we predict astrometric microlensing events between 2012 and 2019." For this,
we identified stars with large proper motion that are potential microlensing candidates. To verify the
candidates, we checked their proper motion and calculated important properties like the centroid shift
of the source position. This microlensing catalog contains 1118 candidates. However, we discovered
that only 4% of the proper motions are correct, which leaves 43 astrometric microlensing events. The
majority of these 43 events have small astrometric deviations below ~100 microarcseconds (dark lens)

or a bright lens that reduces the centroid shift of the source. Nine events could have strong astrometric

"'We described the results of that paper (the microlensing events) in the diploma thesis Proft (2010). Afterwards, during
the beginning of our work on this dissertation, we further improved the microlensing program and plotted additional diagrams.
We published all results in Proft et al. (2011). In the following, we will clearly distingish between the work presented in Proft
et al. (2011) and new research conducted after the work published in that paper. The new detected microlensing events are not
published yet (April 2016).
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> (L cos 0

Figure 7.1: The diagram shows the trajectory of a high proper motion star for a given time interval (black ar-
row). Due to an increasing uncertainty in position and proper motion with time, we need to define a trapezium
around the trajectory (dashed lines). For our program we can simplify it to a rectangle with corner points 1 to
4 characterized by the width 2w. If the position of a background object (small star) is located in the rectangle,
our program identifies the lens (big star) as candidate a for astrometric lensing (Proft et al. 2011).

deviations between 100 and 4000 microarcseconds. Especially two out of these nine microlensing events
could lead to an astrometric microlensing event observable with Gaia.

In this chapter, we improve the search for astrometric microlensing events between January 2014
and December 2019. In our work, we always regard the output of our microlensing program as mi-
crolensing candidates and only after verifying the lens candidate proper motion we call them astrometric
microlensing events. First, we describe the method that we apply to determine all astrometric microlens-
ing candidates, the old events (Proft et al. 2011) and the new discovered candidates. Our first idea
is to review the VLT (Very Large Telescope) instrument SPHERE (Spectro-Polarimetric High-contrast
Exoplanet REsearch) as microlensing detector. Afterwards, we perform a second improved study to
identify astrometric microlensing events with the Gaia satellite. In Section 7.2, we present all resulting
microlensing events additional to Proft et al. (2011) and calculate important lens and source quantities.
At the end of this chapter, in Section 7.3, we discuss further opportunities to advance the prediction of

astrometric microlensing events. From now on we denote our paper Proft et al. (2011) as P2011.

7.1 The Microlensing Program

In Figure 7.1, we present the main principle to detect a lensing star and a corresponding source object
with our microlensing program. We give the position of the lens (big yellow star) in equatorial coor-
dinates, where o - cos & presents the projection from a sphere to a plane. The uncertainty in the lens
position and proper motion, which is given for the epoch 2000.0, increases with time. When the lens
is moving between two epochs (e.g., 2008 and 2020), we have to consider this uncertainty by defining

a width w. Hence the trajectory of the lensing star (black arrow) is surrounded by a certain trapezium.
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Catalog Sky Field Magnitude Stars in Field (¢t > 0.15”/year)
LSPM-NORTH 0>0° V<21 | = 62,000
PPMX 0° >8> —-30° V <15 | ~ 109,000
UCAC3 —30° > 8 > —90° 8<R< 16 | =477,000
OGLEBG Galactic Bulge 1<l <18 | = 100

Table 7.1: The table presents the lensing catalogs (LSPM-NORTH, PPMX, UCAC3, and OGLEBG) used in
our microlensing program together with the selected sky field, the limiting V magnitude, and the number of
contained stars with large proper motion.

For simplicity, it it sufficient to use a rectangle instead of the trapezium considering the positional and
proper motion uncertainties in 2020. The higher the proper motion of the lens the larger is the area of
the rectangle and thus the microlensing probability. If a source object (small yellow star) crosses the
rectangle, the microlensing program defines it as a lensing candidate. In general, the source object is a
distant star with small proper motion. Hence we do not consider the source proper motion for identifying
microlensing candidates, but we take it into account when calculating the microlensing parameters.

For our microlensing program we need suitable catalogs for lens and source stars. Source star cata-
logs should be complete all sky catalogs optimally up to Gaia’s magnitude limit of G ~ 20 mag. Appropri-
ate catalogs for lensing stars should contain stars with reliable proper motions larger than u = 0.15 ”/year.
Additionally, high positional accuracies of about 100 milliarcseconds and large proper motion accura-
cies of about 10 milliarcseconds per year in the selected lensing catalog are necessary to ensure good
microlensing candidates. Like in P2011, we choose the PPMXL catalog of positions and proper motions
on the ICRS from Roeser et al. (2010) as source catalog for the whole sky. As lensing catalogs we also
select the LSPM-NORTH (Lepine & Shara 2005), PPMX (Roeser et al. 2008), UCAC3 (Zacharias et al.
2010), and OGLE Bulge (OGLEBG, Sumi et al. 2004) for different declinations. In Table 7.1, we list the
selected celestial region, limiting V magnitude, and the number of stars for each lensing catalog. There
exist several high proper motion catalogs with confirmed proper motions like NLTT (Luyten & Hughes
1980), LHS (Luyten 1979), or tNLTT (Salim & Gould 2003) that are not suitable as lensing catalogs for
two reasons. First, old catalogs (e.g., LHS, NLTT) have large uncertainties in position and proper mo-
tion. Second, catalogs like the rNLTT with better astrometry are less complete than the selected lensing

catalogs.

7.2 Astrometric Microlensing Events between 2014 and 2019

In P2011 we searched for astrometric microlensing events that are detectable with the Gaia satellite. In
order to find new events, we apply the approach to another telescope. At the suggestion of Hans Martin
Schmid from ETH Zurich, we want to find microlensing candidates for the VLT instrument SPHERE?.
The main objective of this instrument is to discover and analyze giant extrasolar planets with the help
of direct imaging. So far (February 16, 2016) 65 planets in 60 planetary system could be found by
various telescopes using direct imaging®. Due to SPHERE’s design and its positional accuracy of 1

milliarcsecond, it is also suitable to detect astrometric microlensing events.

http://www.eso.org/sci/facilities/develop/instruments/sphere.html
3http://www.exoplanet.eu/
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Schmid (2009) gives a list of 41 bright stars (my < 10mag) with high proper motion larger than y =
0.5" /yr that are observable with SPHERE. The objects are called ZIMPOL targets named for the Zurich
Imaging Polarimeter. The lensing catalogs LSPM-North, UCAC3, and PPMX, used in our microlensing
program, contain these stars. A large fraction of the 41 objects have V< 6 mag which are mainly too
bright for Gaia. In infrared the instrument can search for a faint background star (my < 21 mag) around a
guide star (my < 10mag) with a radius of 7 arcseconds and in visual/red light up to about 4 arcseconds.
Considering all of these parameters, we use the lens and source catalogs of our previous study (P2011),
a limiting lens magnitude of my = 11mag and a rectangle width of w = 7”. Because the astrometry is
more accurate in our previous lens catalogs, we do not directly take the list of ZIMPOL targets. But in
doing so, we have to check afterwards whether the new microlensing candidates are a member of the
ZIMPOL targets. Furthermore, we could identify additional guide stars working as lens not listed in
the ZIMPOL sample. Although the 41 ZIMPOL targets have large proper motions, which increases the
chance for a potential microlensing event, a sample of 41 objects is very small, and hence it is not very
likely to predict many microlensing candidates with ZIMPOL stars as lenses.

Our first query with SPHERE parameters results in 50 astrometric microlensing candidates between
2014 and 2019. The potential lensing stars have minimal projected distances between 9 and 6019 mil-
liarcseconds. To know whether ZIMPOL objects are among these candidates, we do a crossmatch of the
41 targets with the candidate list of 50 objects. The crossmatch provides no overlap between the two
tables. Thus, we do not find astrometric microlensing candidates observable with SPHERE using the
ZIMPOL targets as lenses. However, among the 50 candidates, there could be additional targets causing
astrometric microlensing events observable with SPHERE although they are not in the ZIMPOL list.

We discover that 12 microlensing candidates (not confirmed as events yet) have minimal lens source
distances smaller than 0.7 arcseconds. Because we chose a rectangle width of w = 0.7” in P2011, these
candidates should have been already detected before. We have several hypotheses why there are addi-

tional microlensing candidates that were not covered by the previous request:

e We should select the rectangle width w larger than 0.7”/year due to large errors in given positions

and proper motions.
e Sources could have a proper motion that is not negligible for the event prediction.
e The minimal distance of lens and source could be larger than 0.7”.

We will now inspect the new candidates to infer true events and analyze in detail why the individual
microlensing events were not found in the previous study. Furthermore, we estimate the lens mass and
distance to infer the maximal centroid shift and examine the additional events for observability with
SPHERE and the Gaia satellite.

7.2.1 Inspection of New Microlensing Candidates

In P2011 we discovered that the majority, 96% in our total sample, of high lens proper motions are spu-
rious. Due to this, we had to check the supposed candidates from our program with two color diagrams
and the proper motion by eye. We "blinked" more than 100 objects using pictures from different surveys
in the Aladin Sky Atlas (Bonnarel et al. 2000; Boch & Fernique 2014). In the same way, Lepine &

Shara (2005) built the catalog LSPM-North and hence we always measured correct proper motions for
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LSPM-North lenses. However, for PPMX and UCAC3 only these lensing stars were true high proper
motion objects which are already known in high proper motion catalogs (e.g., LHS, NLTT, or tNLTT).
Hence we checked every microlensing candidate with the Simbad Astronomical Database (Wenger et al.
2000) for affiliation to one of the high proper motion catalogs. Furthermore, because of crowding in the
Galactic plane, we could not validate OGLEBG stars, which are a small sample of candidates. Following
this procedure, we are analyzing the 50 new supposed astrometric candidates. After excluding one old

microlensing event (listed in P2011) and another true event which was presented twice, we can verify 14

"ne "o

new microlensing events ("‘1. Sample"’). Thus, for our bright lenses, the fraction of stars with wrong
high proper motion amounts to 68% (34 out of 50 stars). This value is much better than the 96% of erro-
neous candidates of our old study when we considered bright and faint lenses (my < 21 mag for northern
and my < 15 for southern sky). We emphasize that one has to be careful when choosing a large rectangle
width w for fainter lensing stars. The amount of theoretical microlensing candidates would increase lin-
early and one has to confirm much more stellar proper motions. Additionally, for the majority of events
the centroid shift decreases to a value that is most likely not measurable by the telescope.

In the following, we calculate the maximal source centroid shift and further microlensing quantities
for the 14 new microlensing events that are important to make a statement on the detectability with
SPHERE and Gaia. To infer the maximal source centroid shift, we have to estimate the distance of lens

and source, and the lens mass.

The most accurate method to calculate the lens distance is to use its trigonometric parallax. But we
can find information on the parallax only for few lenses with the help of Simbad. If one does not know
the stellar parallax, one has to calculate the absolute magnitude M of a star. Together with its apparent

magnitude m, we can determine the distance r by the distance modulus (e.g., Weigert et al. 2006)

m—M—510g< 4

1pc> -5. 7.1

If we have the stellar parallax, we can substitute it with the radius and have
My = my +5log(m)+5. (7.2)

In case Simbad contains the information of the spectral type and luminosity class of our lens, we
estimate the absolute magnitude from a Hertzsprung-Russel-diagram (e.g., Kaler 1994). Otherwise we
determine these properties with the method of reduced proper motions and infrared magnitudes J, H, and
K given in the 2MASS catalog (Cutri et al. 2003). In the method of reduced proper motions one uses the
effect that nearby stars on average have larger proper motions. Hence instead of an absolute magnitude
My, we have a magnitude Hy that depends on the proper motion y (Jones 1972; Salim & Gould 2000;
Lepine & Shara 2005):

Hy =my +5log(u)+5. (7.3)

In Figure 7.2, we plot a reduced proper motion diagram for a fraction of 10,000 Hipparcos stars as red
crosses. We selected these stars to indicate the main sequence and giant branch of the Hertzsprung-Russel
diagram. Our 12 lensing stars (blue triangles), that cause 14 astrometric microlensing events, are in the
area of M, K, or G dwarfs. For a smaller distinction of an individual spectral type, we calculate the colors
J-H, H-K, and J-K. Bessell & Brett (1988) list color tables for subdivided spectral classes for dwarfs and
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Figure 7.2: The reduced proper motion diagram shows the magnitude Hy against the color J-H for our
new lensing stars (blue triangles) and a selection of 10,000 Hipparcos stars (red crosses) which indicate the
Hertzsprung-Russel diagram. The 12 lensing stars are on the main sequence (M, K, or G dwarfs) and they are
responsible for 14 microlensing events between 2014 and 2019.

giants. We can estimate the mass of our lensing stars from its determined spectral type and luminosity
class, e.g., a M2 dwarf has a mass of My, ~ 0.4 M. Together with the information on its distance to the
sun, inferred from the method of reduced proper motions or from the parallax, we calculate the Einstein
radius (Equation 6.1). Because the distance to the source is in general not available, we assume the
typical case of a distant source. Now we are able to evaluate the source centroid shift and can make a

first statement on the detectability.

We present the 14 verified microlensing events in Table 7.2 together with relevant lens and source
parameters. For two events, #2 and #13, we calculate maximal centroid shifts equal or larger than
SPHERE’s positional accuracy of 1 milliarcsecond. But depending on the number of consecutive obser-
vations, the accuracy threshold (similar to equation 6.20) is higher. Furthermore, for objects that are not
member of the ZIMPOL targets, it is not clear yet whether they are suitable as guide stars. The first event
(object #2), for example, consists of a lens with magnitude my = 10.5mag which is slightly too faint for
being a guide star. The second event (object #13) has a maximal centroid shift only equal to SPHERE’s
accuracy. However, the uncertainties in the centroid shift and date of closest approach are huge. On the
one hand the events could be measurable considering the errors, on the other hand time uncertainties of
half a year or more are problematic to detect predicted events with SPHERE. We suggest to wait for the

first Gaia data release appearing in summer 2016 to repeat the investigation.

For lens number #2, #5, #9, and #13 we estimated maximal centroid shifts of 60, =1.876 mas,
0.128 mas, 0.583 mas, and 1.018 mas, respectively. Considering the source brightness (i.e. the astro-
metric accuracy), these events could lead to a detectable astrometric microlensing event with the Gaia
satellite. However, we do not find these microlensing events in our old query and have to investigate pos-

sible explanations. But before we can do this, we check whether there are more neglected microlensing
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Figure 7.3: Similar reduced proper motion diagram as Figure 7.2. It presents a selection of 10,000 Hippar-
cos stars (red cross), our old microlensing events (cyan square), and the new microlensing events from the
SPHERE request (blue triangle) and the additional request (black rhombus).

candidates for Gaia.

To be sure that we are not missing more microlensing candidates, we apply a second search. For this,
we include also faint lenses (magnitudes given in column three of Table 7.1) and select a rectangle width
of w=2". We investigate this second analysis and exclude the results which are already in Table 7.2
and the events presented in P2011. To quickly check the proper motion of nearly 1,000 lens candidates,
we checked with the help of Simbad whether the star is a member of a specific high proper motion
catalog, e.g., LSPM-North, LHS, or NLTT. After the validation of lens proper motions, we can confirm
36 additional astrometric microlensing events between 2014 and 2019 which we did not find with the first
Gaia search. In Table 7.3 and 7.4, we list the resulting events (#15 to #50) continuing the enumeration
and the chosen quantities of the previous events presented in the Table 7.2. Due to the large rectangle
width, there are many events with small centroid shifts not measurable with Gaia. However, we find two
astrometric microlensing events (boldface, #36 and #43) with maximal centroid shifts of § 6, =0.176 mas
and 0.119 mas, respectively. These positional displacements could be sufficient for Gaia because of their

bright source stars which facilitate high positional accuracies.

Our previous search, described in P2011, was biased towards to faint M dwarfs. On the other side, the
fraction of new discovered microlensing events from our search for SPHERE ("1. Sample" in Figure 7.2
and 7.3) is biased towards higher masses and magnitudes on the main sequence of the Hertzsprung Russel
diagram. One can explain this effect with the chosen magnitude limit of my < 11 mag for SPHERE
lenses. The additional microlensing events from our second search ("2. Sample" in Figure 7.2 and 7.3)
are in the same region as the old sample on the Hertzsprung Russel diagram. We show the reduced

proper motion diagram for all event samples together with 10,000 Hipparcos stars in Figure 7.3. The
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microlensing events of the old sample are between 2012 and 2019. Since Gaia started to observe in
2014, we only consider events from 2014 to 2019 for the two new queries. For four lenses of our old
sample, we do not have information on the infrared magnitudes, two of these objects are white dwarfs.
Combining all our queries, we find 93 astrometric microlensing events, 81 of them are between 2014 and
2019. Out of 81 events, 50 are new discoveries and 31 are a member of the old sample. The majority of
detected microlensing events have insignificant source centroid shifts, hence an observation with Gaia is
very unlikely.

In this subsection, we presented newly discovered astrometric microlensing events between 2014 and
2019 and gave a first statement on their detectability with Gaia. In total, there are 50 new determined
microlensing events, but only six of them could be possible to observe. In the following, we explore

these six promising events (#2, #5, #9, #13, #36, and #43) and display their calculated quantities.
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# lens ID o oL UL myp tmin dhin 60, mygs
(deg) (deg) ("/yr) | (mag) (yr) (") | (mas) | (mag)
1 | PPMX 231909.0 349.78764 | -38.59128 | 0.130 | 10.4 | 2015.39 | 0.287 | 0.261 18.0
-383528
2 | UCAC3 264.26526 | 264.26526 | -44.31923 | 1.067 | 10.5 | 2015.83 | 0.295 | 1.876 | 13.8
-044.31923

3 | LSPM J2045+4429 | 311.26706 | 44.49900 | 0.410 | 10.8 | 2016.98 | 1.466 | 0.158 | 20.1

4 | UCAC3 068.35718 68.35718 | -38.30309 | 0.392 | 10.8 | 2017.26 | 1.216 | 0.043 | 20.0
-038.30309
S | LSPM J0216+6457 | 34.20507 | 64.95261 | 0.350 | 8.3 2017.50 | 1.371 | 0.128 | 15.1
6 | UCAC3 068.35718 68.35718 | -38.30309 | 0.392 | 10.8 | 2017.94 | 2.381 | 0.022 | 19.5

-038.30309

7 | UCAC3243.45232 | 243.45232 | -57.57044 | 1.482 7.2 2018.21 | 4.020 | 0.102 | 16.6
-057.57044

8 | UCAC3 243.45232 | 243.45232 | -57.57044 | 1.482 | 7.2 | 2018.32 | 3.050 | 0.134 | 17.7
-057.57044

9 | LSPM J2139+6017 | 324.81729 | 60.28381 | 0.296 | 10.4 | 2018.50 | 0.178 | 0.583 | 18.2

10 | LSPM J0237+4359 | 39.42264 | 43.99292 | 0.300 | 10.2 | 2018.76 | 5961 | 0.010 | 15.5

11 | UCAC3 014.37973 14.37973 | -43.55476 | 0.206 | 109 | 2019.27 | 1.368 | 0.029 | 19.9
-043.55476

12 | UCAC3011.45119 11.45119 | -41.90913 | 0.241 7.9 2019.77 | 5.108 | 0.062 8.5
-041.90913

13 | UCAC3 310.57823 | 310.57823 | -52.69926 | 1.067 | 8.3 2019.79 | 0.353 | 1.018 | 19.1
-052.69926

14 | UCAC3 155.60251 | 155.60251 | -60.17715 | 0.439 | 10.2 | 2019.99 | 3.811 | 0.054 | 14.9
-060.17715

Table 7.2: We present 14 astrometric microlensing events between 2014 and 2019 from our search for the
VLT instrument SPHERE. We excluded the old events presented in P2011. Given are the lens ID, the lens
coordinate at equinox J2000.0 (0., 81.), the apparent magnitude of lens and source (mv,,mys), the lens proper
motion (), the time at closest approach (#yin), the angular distance of lens and source at closest approach
(dmin), and our estimated maximal centroid shift of the source image (6 6.). The lensing stars are not members
of the SPHERE high proper motion targets, and hence not observable with SPHERE. By studying the expected
maximal source centroid shift, we find that some of these microlensing events are in principle measurable with
Gaia (boldface lenses #2, #5 #9, #13).
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# lens ID o, 5L UL myy, Imin dimin 690 mys
(deg) (deg) ("/yr) | (mag) | (yr) (") | (mas) | (mag)
15 | LSPM J1953+2219 | 298.26630 | 22.32357 | 0.420 | 16.6 | 2014.05 | 1.827 | 0.012 | 16.8
16 | LSPM J1548+5939 | 237.01520 | 59.65041 | 0.443 | 13.9 | 2014.14 | 1.636 | 0.049 | 20.7
17 | LSPM J0258+5354 | 44.68924 | 53.91312 | 0.549 | 164 | 2014.29 | 0.668 | 0.014 | 19.7
18 | LSPM J2140+3703 | 325.05325 | 37.05792 | 0.502 | 11.3 | 2014.56 | 0.962 | 0.101 | 18.1
19 | LSPM J1918+1728 | 289.65414 | 17.46673 | 0.635 | 19.1 | 2014.71 | 0.964 | 0.007 | 18.0
20 | LSPM J1757+1502 | 269.37421 | 15.04320 | 0.449 | 15.8 | 2014.82 | 1.935 | 0.016 | 18.9
21 | LSPM J1918+1728 | 289.65414 | 17.46673 | 0.635 | 19.1 | 2014.94 | 0.713 | 0.009 | 18.9
22 | LSPM J1425+5319 | 216.34837 | 53.32272 | 0.587 | 12.7 | 2015.02 | 0.757 | 0.157 | 21.0
23 | UCAC3025.58508 | 25.58508 | -31.55999 | 0.749 | 16.7 | 201543 | 1.533 | 0.015 19.8
-031.55999
24 | PPMX 073840.9 114.67066 | -21.22458 | 0.657 | 11.7 | 2015.53 | 0.559 | 0.412 | 20.3
-211328
25 | LSPM J1909+2206 | 287.29639 | 22.11367 | 0.532 | 134 | 2015.73 | 0.461 | 0.078 | 18.8
26 | LSPM J0711+4329 | 107.79767 | 43.49946 | 0.675 | 159 | 2015.81 | 0.744 | 0.046 | 17.5
27 | LSPM J2003+3931 | 300.78983 | 39.52057 | 0.420 | 15.8 | 2015.81 | 1.738 | 0.019 | 184
28 | LSPM J0550+1719 | 87.60056 17.32189 | 0.579 | 154 | 2016.04 | 0.783 | 0.016 | 19.0
29 | UCAC3 245.67063 | 245.67063 | -48.65557 | 0.759 | 11.5 | 2016.10 | 1.629 | 0.094 | 16.0
-048.65557
30 | LSPM J0350+4325 | 57.55788 | 43.42790 | 1.440 | 144 | 2016.26 | 1.512 | 0.067 | 20.7
31 | UCAC3 257.06166 | 257.06166 | -34.60627 | 0.861 16.2 | 2016.52 | 0.406 | 0.070 | 19.0
-034.60627
32 | PPMX 174317.5 265.82307 | -18.52191 | 0.576 | 11.9 | 2016.69 | 0.297 | 0.443 | 19.5
-183118
33 | LSPM J0533+3837 | 83.33482 | 38.62088 | 0.555 | 17.1 | 2016.92 | 0.592 | 0.026 | 20.2

Table 7.3: We list the additional astrometric microlensing Events #15 to #33 between 2014 and 2019. For
this, we already excluded our old candidates presented in P2011 and the 14 new events of Table 7.2. The
presented parameters and units are the same used in Table 7.2. In comparison to the microlensing query of
P2011, we selected a rectangle width of w = 2”. The additional microlensing candidates #34 to #50 are given
in table 7.4.
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# lens ID o, 6L ML myy, Imin diin 890 mys
(deg) (deg) | () | mag) | v | ) | (mas) | (mag)
34 | PPMX 184420.6 281.08621 | -30.23251 | 0.546 | 12.6 | 2016.93 | 1.415 | 0.024 | 17.8
-301357
35 | UCAC3 257.06166 | 257.06166 | -34.60627 | 0.861 16.2 | 2016.96 | 1.573 | 0.018 | 18.0
-034.60627
36 | UCAC3287.64001 | 287.64001 | -41.54744 | 0.676 | 15.7 | 2016.98 | 0.201 | 0.176 | 16.7
-041.54744
37 | UCAC3 342.16002 | 342.16002 | -31.14475 | 0.452 | 12.0 | 2017.13 | 0.374 | 0.512 | 20.0
-031.14475
38 | PPMX 171126.7 257.86148 | -14.79824 | 0.429 | 13.1 | 2017.17 | 1.691 | 0.272 | 19.5
-144753

39 | LSPM J0510+1924 | 77.66283 | 19.40199 | 0.831 | 18.8 | 2017.24 | 0.695 | 0.040 | 19.0
40 | UCAC3 125.76490 | 125.76490 | -44.74732 | 0.414 | 16.0 | 2017.51 | 1.757 | 0.016 | 17.9
-044.74732
41 | LSPM J1507+0052 | 226.77554 | 0.86992 | 0.460 | 18.8 | 2017.55 | 1.357 | 0.006 | 20.1
42 | LSPM J1847+2820 | 281.88803 | 28.34961 | 0.472 | 18.9 | 2017.74 | 1.583 | 0.005 | 20.0
43 | LSPM J1914+1919 | 288.66318 | 19.31762 | 0.749 | 11.6 | 2017.95 | 1.428 | 0.119 | 14.9

44 | UCAC3 009.98353 9.98353 -30.54628 | 0.506 | 14.5 | 2018.04 | 1.301 | 0.045 | 21.3
-030.54628
45 | UCAC3311.11620 | 311.11620 | -41.39763 | 0.504 | 15.0 | 2018.53 | 0.667 | 0.062 | 16.9
-041.39763
46 | LSPM J2135+5428 | 323.78958 | 54.47421 | 0.410 | 16.0 | 2018.69 | 1.232 | 0.024 | 19.8
47 | LSPM J1959+2722 | 299.84644 | 27.38012 | 0.411 | 14.5 | 2018.79 | 1.797 | 0.012 | 18.7

48 | LSPM J1941+3239 | 295.36527 | 32.66413 | 0.697 | 14.8 | 2019.08 | 1.207 | 0.063 | 18.3
49 | LSPM J1514+1130 | 228.55814 | 11.51629 | 0.440 | 13.0 | 2019.39 | 1.943 | 0.054 | 21.0
50 | LSPM J0614+1509 | 93.50661 15.16511 | 1.443 | 14.7 | 2019.82 | 1.560 | 0.073 | 15.2

Table 7.4: We list the additional astrometric microlensing Events #34 to #50 between 2014 and 2019. For
this, we already excluded our old candidates presented in P2011 and the 14 new events of Table 7.2. The
presented parameters and units are the same used in Table 7.2 and 7.3. In comparison to the microlensing
query of P2011, we selected a rectangle width of w = 2”. The two boldface rows (lens #36 and #43) are
promising microlensing events for a detection with the Gaia satellite.
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7.2.2 Confirmed Microlensing Events Observable with Gaia

In the previous subsection, we discovered six new microlensing events that have a maximal centroid
shift (dark lens, considering the error) larger than the positional accuracy o, of Gaia. Considering their
event durations t,i (Equation 6.19) and centroid shifts in case of a luminous lens 6 . jym (Equation 6.23),
one gets a more realistic perspective on the detectability with Gaia. For all six astrometric microlensing
events we calculate important lens and source properties presented in Table 7.5 together with known
coordinates and magnitudes of all lenses and sources. Only lens #9 (numbering is the same as in Table
7.2,7.3 and 7.4) has an angular distance smaller than 200 milliarcseconds to the source and Gaia is not
able to resolve both. Therefore, we determine the centroid shift considering the luminous lens effect
06 um and the centroid shift when lens and source achieve the separation of Gaia’s typical angular
resolution 06 5. The source objects of our six microlensing events are always fainter than their lens

and it is not possible to infer the source types and their distance from archives.

As mentioned above, we checked the microlensing candidates with Simbad for affiliation to one of
the old high proper motion catalogs to exclude wrongly assigned high proper motion stars. To verify
the six lens proper motions more precisely and to confirm the corresponding astrometric microlensing
events, we use the program Aladin. In Figure 7.4, we demonstrate it for the excellent event #2. We select
the position of the source at epoch J2000.0 in the center of our image (red arrow). Then we search for
photographies from different sky surveys or atlases around this coordinate to see the movement of lens
and source with time. In this case, pictures from ESO (1986), AAO (1992), SERC (1994), and 2MASS
(1999) are available. In every single panel we mark the lensing star with a blue cross visible in all other
images as well. The source proper motion is very small; hence the source is always close to the red
arrow. For all six images we apply the same procedure and can confirm the value of the lens proper
motion. Furthermore, we are also able to validate the source for events #2, #5, #9, and #13. Due to the
faint sources of event #36 and #43 (mys =18.2mag, 19.1 mag), we can not confirm the source objects

by having a look on pictures from previous sky surveys.

Out of the six events, lens #2 is the most promising event for an observation with the Gaia satellite.
It is the only new microlensing event that has a maximal centroid shift (without considering the huge er-
rors) larger, even 20 times larger, than the accuracy threshold 6,,;, (Equation 6.20) described in Chapter
6.2. With a distance of 5 parsec, the lens is very close to the sun and hence the astrometric microlensing
signal is very high (86; max = 1.876 £ 3.094 mas). The large centroid shift error is caused by the posi-
tional and proper motion uncertainty given in the catalogs and the uncertainty by determining the lens
distance and mass. Due to a bright source star (my = 13.8 mag), Gaia has an astrometric accuracy (single
measurement) of 6, = 50mas and an accuracy threshold of 6, = 0.095mas. Although the astrometric
timescale of about eight years is very long, the great astrometric accuracy and the large centroid shift
would enable a good measurement if Gaia observes the event. Furthermore, the expected date of the

closest approach for lens and source is within the mission, expected to have been at the end of 2015.

Having a maximal centroid shift of 66, max = 0.176 £ 0.423 mas but a necessary positional Gaia ac-
curacy of 6, = 0.200mas, #36 is the most unlikely microlensing event. Furthermore we can give a state-
ment on the date of closest approach only with an error of eleven months. Events #5 and #43 have a small
centroid shift as well (86 max = 0.128 mas, 66, max = 0.119 mas) but considering the brighter source ob-

jects, oy amounts to 0.095mas and 0.085 mas, respectively. Moreover, because of parallax information,
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the centroid shift errors are very small. Events #9 and #13 have large centroid shifts (6. ;s = 0.520mas,
06 max = 1.018 mas) that are higher than Gaia’s positional accuracy. Because of faint sources, the cen-
troid shifts of both events are still smaller than Gaia’s accuracy thresholds of O, = 0.854mas and
Omin = 1.018 mas, respectively.

Investigating the properties of all six potential microlensing events, we find several reasons for their
absence in our old query from P2011. The events #5 and #43 have minimal projected distances between
lens and source larger than the chosen rectangle width w = 0.7" /yr (Omin = 1.37" /yr, Omin = 1.43" /yr).
Three predicted events (#2, #9, and #13) have a considerable source proper motion. As mentioned before,
we used the source proper motion for calculating the angular distance of lens and source but not to define
the microlensing candidates with the program. Only for event #36 we do not find an explicit argument.

For completeness, we present selected old astrometric microlensing events published in P2011 with
maximal centroid shifts larger than Gaia’s astrometric accuracy in the appendix (Table 8.1). Due to
Gaia’s observing beginning, we excluded the events before 2014. The first three lenses could have had
their closest approach to the source in early 2014. Hence Gaia could miss the astrometric signal at closest
approach for these cases. One can read a detailed discussion of the old two best events P2011-18 and
P2011-20 in P2011. Combining our previous and new microlensing query, we find eleven microlensing
events (six new and five from P2011) between 2014 and 2019. Out of the eleven, three astrometric
microlensing events have very promising centroid shifts considering Gaia’s accuracy threshold.

The Einstein time for all eleven events is smaller than two weeks. Hence it is unlikely that Gaia
observers the corresponding photometric microlensing signal. Additionally, for large impact parameters
u > 1, like our new events and P2011-34, the magnitude shift is smaller than the photometric threshold
of Gaia. Hence photometric observations from ground are necessary to get more information on the
individual events. For this, the science alert team informs the community when Gaia measures an astro-
metric event. Furthermore, one can follow up our predicted astrometric microlensing events considering
the calculated times at closest approach. However, the uncertainties in our estimated centroid shifts and
dates at closest approach are too large to devise an optimal observing strategy currently. An idea could be
to use the measurements of Gaia’s first data release. With these first data one can improve the properties
for bright lensing stars (my < 12mag). Further data releases of Gaia enable the revision also for fainter

lensing star quantities.
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# 2 36 5 43 9 13

Lens ID UCAC3264.26 UCAC3287.64 LSPMJ0216 LSPMJ1914 LSPMJ2139 UCAC3 310.57
526-044.31923  001-041.54744  +6457 +1919 +6017 823-052.69926

o (deg) 264.26526 287.64001 34.20507 288.66318 324.81729 310.57823

8 (deg) -44.31923 -41.54744 64.95261 19.31762 60.28381 -52.69926

fmin (Y1) 2015.83+:0.46  2016.984+0.93  2017.5040.39 2017.9540.26 2018.50+0.40 2019.79-+0.74

Omin ) 0.295:0.499 020140479  1.371+0.178  1.4284+0.198  0.1784+0.257  0.35340.485

L C’lyr) 1.067 0.676 0.468 0.749 0.296 1.067

myy, (mag)  10.5 15.7 8.3 11.6 10.4 8.3

MK M3.5 M4 G8 M2 G8 K7

My (mag) 11.3 11.5 6.0 10.5 5.9 8.5

My, (M) 0.35 0.30 0.85 0.40 0.85 0.54

Dy (pe) 5.1 68.7 39.4 19.1 66.2 12.1

Ok (mas) 23.676 5.962 13.243 13.059 10.222 19.016

uo (6g) 12.5 33.7 103.6 109.4 17.4 18.6

o, (mas) 0.050 0.200 0.095 0.085 0.450 0.730

Onmin (Mas) 0.095 0.379 0.180 0.161 0.854 1.385

80cmax (mas) 1.876+3.094  0.176:+£0.423  0.12840.020  0.119+0.020  0.583+0.832  1.018+1.389

80cres (mas) - ; - - 0.520+0.053 -

86 um (mas) - - - - 0.000+£0.001 -

e, (days) 8 3 10 6 13 7

fast (days) 3176 79 1191 809 237 140

s (°/yr) 0.073 0.003 0.015 0.010 0.217 0.063

mys (mag)  13.8 16.7 15.1 14.9 18.2 19.1

Table 7.5: We give the six new astrometric microlensing events between 2014 and 2019 ordered by date #iy
with centroid shifts potentially measurable by Gaia that are not published in P2011. The event numbering is
the same as in Table 7.3. The listed quantities are: lens coordinates (o, ), time and angular distance at
closest approach (fmin, Umin), lens and source proper motion (U, Us), lens and source apparent magnitude
(myL, mygs), lens spectral type (MK), lens absolute magnitude (M), lens distance (Dy,), angular Einstein
radius (6g), impact parameter (ug), positional accuracy (0,), accuracy threshold for consecutive Gaia obser-
vations (6pin), maximal centroid shift for a dark lens (86; max), maximal centroid shift for a luminous lens
(86 res), centroid shift at 6 =200 mas (6 6, jum), and typical timescale of a photometric and the corresponding
astrometric microlensing event (fg, fa5). We emphasize the most promising event (#2).
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Figure 7.4: The pictures show the lens and source of the new most promising astrometric microlensing event
#2 for four different surveys in 1985, 1991, 1996, and 1999. We used the program Aladin to produce the
images and to indicate the lens and source positions. The red arrow gives the position of the source at epoch
J2000.0. Due to the small source proper motion, we can see the source close to this position in all four images.
In every picture we mark the lens position with a blue cross to see the movement of the star with increasing
time. With these images we can confirm the lens proper motion of 1.17/yr and the corresponding microlensing

event.
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7.3 Conclusions

We predicted astrometric microlensing events and checked their observability with the VLT instrument
SPHERE and the Gaia satellite. For this analysis, we considered our previous microlensing study pub-
lished in P2011. First, we wanted to find microlensing candidates for the VLT instrument SPHERE.
Due to its magnitude limit of my ~ 10mag for guide stars, only a small sample of potential lensing stars
were available (ZIMPOL targets and stars with my < 10mag) for our actual microlensing search. We
did not find candidates with ZIMPOL targets as lenses, but the two stars UCAC3 264.26526-044.31923
(#2) and UCAC3 310.57823-052.69926 (#13) could cause astrometric microlensing events observable
with the VLT instrument. Unfortunately, one guide star as lens could be too faint (my = 10.5mag) and
the uncertainties of the calculated centroid shifts and dates at closest approach are huge. For a realistic
search of predicted events with SPHERE, more accurate data is necessary. We suggested to repeat the
study when the first data release of Gaia measurements is available.

In the first actual search, we found microlensing candidates which should be already in our old
request for Gaia events. By increasing the rectangle width for the microlensing search from w = 0.7”
to w = 2", we identified a large number of new candidates. Checking the new candidates for correct
proper motion, we validated 50 new microlensing events. Similar to P2011, we calculated important
quantities like the maximal centroid shift and the centroid shift with the luminous lens effect. Out of
the 50 events, we discovered six astrometric microlensing events that could be measurable within the
Gaia mission (2014 to 2019). Together with the already predicted events from P2011 in this timescale,
we found eleven events. For several of the eleven events the measurability is marginal because of the
luminous lens effect or large errors in the centroid displacement. Out of the eleven, two already published
events and one new discovered microlensing event are very likely to happen due to their advantageous
lensing parameters like measurable centroid shifts of several milliarcseconds. For several reasons, we
did not find the complete list of microlensing candidates before. First, to produce the list of microlensing
candidates, we did not consider the source proper motion, but we used it afterwards to calculate the
minimal angular distance between lens and source. Second, by increasing the rectangle width, we got

two astrometric microlensing events with minimal angular lens to source distance of ¥y, &~ 1.4”.
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Chapter 8
Summary and Perspectives

The Gaia satellite had its successful launch and commissioning during our work on this thesis. The main
research mission has started in July 2014 and will continue until 2019 or even 2020. The final catalog,
expected in 2022, will contain one billion stars and other celestial objects in the Milky Way offering
very precise information on their positions, proper motions, and magnitudes. Since the beginning of
observations, a few unexpected problems are occurring. For example, the satellite is getting additional
stray light from the sun and other astronomical sources which reduces the magnitude limit for detections
with the high-resolution spectra by one order of magnitude. We adapted our analysis accordingly.

In this thesis, we contribute to two different kinds of research questions with respect to the Gaia
mission. In the first part, we showed the opportunities to explore the spectra of quasars with Gaia’s
blue and red photometers and with Gaia’s radial velocity spectrograph. In the second part, we predicted
astrometric microlensing events of nearby stars by improving our published stellar microlensing search
(Proft et al. 2011). We now summarize our methods and main results of these two research questions.
Afterwards, we present the perspectives from Gaia’s preliminary data releases and its final catalog for

quasar variability studies and for stellar astrometric microlensing measurements and predictions.

Quasar Spectra with Gaia

For at least 500,000 quasars, Gaia is producing astrometric, photometric and spectroscopic information.
In order to investigate potential quasar variability studies with Gaia’s low-resolution spectra, we simu-
lated noisy spectra for various redshifts and for different magnitudes using a composite quasar spectrum
as template. The detection of variability in quasar spectra is dependent on the signal-to-noise ratio which
again is a function of the magnitude. We found that the SNR in the low-resolution spectra allows the
analysis of continuum and broad emission line variability measurable up to a magnitude of G ~ 18 mag.
In particular, we can measure the Baldwin effect for all of these bright quasars. Additionally, we would
be able to measure sufficiently large time lags between continuum and broad emission line responses
for a smaller number of objects. Considering the scanning law of the satellite, we found that especially
spectral variations with time lags that are larger than a few months of bright (G < 18 mag) quasars are
easy to detect within Gaia’s data. However, even for time lags of order months, we need a high cadence
of measurements to obtain accurate values for a reverberation mapping project. With this technique, we
would be able investigate the structure of quasar broad line regions. Depending on the accuracy and

amount of reverberation mapping data, we can determine cosmological luminosity distances with the
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help of quasars.

We mainly used a composite quasar spectrum in this thesis to simulate realistic Gaia spectra. There
is a considerable spread of quasar spectra that could influence our predictions. One example are objects
with low equivalent width broad emission lines. However, our simulated template spectra are very useful
because they present an overview on major quasar research applications possible to analyze with Gaia
data. Especially when additional data simultaneously or following to Gaia observations are necessary,
observational campaigns have to be planned in time.

Apart from low-resolution spectra, Gaia produces a high-resolution spectrum in a very small wave-
length range as well. The high-resolution spectrum is only useful for quasars that have redshifts for which
an emission line falls in this wavelength interval. At the faint magnitude limit, we calculated very low
signal-to-noise ratios in the lines and hence Gaia could only analyze broad emission lines with the radial
velocity spectrograph. Due to a revision of the originally proposed magnitude limit, we determined only
70 quasars fulfilling the conditions. Only for this small number of quasars, Gaia’s high-resolution spectra

could be used to investigate the broad emission line profiles and hence the broad line region structure.

Prediction of Stellar Astrometric Microlensing Events

By using astrometric microlensing detections, we can determine stellar masses! which serve as lens for
the light of a background star. In Proft et al. (2011), we already predicted astrometric microlensing events
between 2012 and 2019. Because we noticed that some microlensing events were missing in our previous
research, we increased the search radius around our lensing stars in order to find close-by source objects.
Similarly to our previous work, we excluded lensing stars with erroneous proper motion. In this process,
we found 50 microlensing events from which six have maximal centroid shifts theoretically observable
with Gaia. Two of these six events have bright lenses (V < 11mag) and such centroid shift values that
there is a chance to detect the corresponding microlensing signal with the VLT instrument SPHERE as
well.

Due to Gaia’s scanning law and the smaller cross section of photometric microlensing events, the
satellite will only be able to detect the corresponding photometric event for about 2% of the astrometric
microlensing events. Additionally, our six new and the five already published promising events have
Einstein times smaller than two weeks. Furthermore, for the majority, their photometric signals are
below the detection limit of Gaia. Hence photometric observations from the ground are necessary to get
more information on the individual events. Currently, when Gaia measures an astrometric microlensing
event, the science alert team informs the community to get photometric measurements from earth. By
predicting the events, we could improve the number of photometric observations with ground-based
telescopes. Unfortunately, the centroid shift errors (similar to the centroid shift itself) and the errors of
the event date (on average half a year) are very large. The reason for this are the positional and proper

motion uncertainties in current astrometric catalogs.

Perspectives from Gaia’s Data Releases

Before the end of the Gaia mission there will be four preliminary data releases, the first most likely

this summer (2016). The first two data releases will not contain low- or high-resolution spectra at all.

'When the detection limit for astrometric microlensing improves, also planetary masses could be determined.
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Apart from science alerts, observations of individual epochs will be published only in the final catalog.
Hence we can not explore variability in quasar spectra with preliminary Gaia data releases. To perform
a reverberation mapping campaign with complementary ground-based observations, we would need to
determine the suitable quasar sample contemporary. The quasars should have high-cadence measure-
ments and ideally also large time lags. As studied in this thesis, the time lag increases for large redshifts,
the selection of low-ionisation lines, and large broad line region radii. In comparison to high-ionisation
lines, low-ionisation lines are suitable because they have larger broad line region radii.

In future (at the earliest 2022), we can use the complete Gaia catalog to predict microlensing events.
We then have an accurate list of high proper motion stars with revised uncertainties in positions and
proper motions and in addition to this, information on stellar parallaxes for all lens and source stars.
For the first time, we will be able to determine all lens and source distances and this to a high level
of accuracy. By selecting these stars as lenses, we can calculate precise expected centroid shift trajec-
tories and precise corresponding dates at closest approach between lens and source stars. With these
predictions, astrometric microlensing could become a common technique to calculate masses of stellar
lenses in the solar neighborhood to high accuracies of only about a few percent. But even before the
final Gaia catalog, we can use the four preliminary data releases to gradually improve the different un-
certainties. For example, we can use Gaia’s first data release to predict astrometric microlensing events
for the 2.5 million Tycho 2 stars. In this way, we still can detect potential events within Gaia’s lifetime
astrometrically and we could improve the centroid shift and microlensing date errors for these bright
lenses (V < 12mag). Additionally, by organizing a complementary photometric monitoring campaign,
we would be able to observe the corresponding photometric microlensing event. Especially because of

the much more precise microlensing dates, we have a real chance to observe the photometric signals.
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A: Low-Resolution Quasar Spectra with
Gaia
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Figure 8.1: The diagram shows the composite quasar spectrum from VB2001 for redshift z = 0.15 and
magnitude G = 20 in black. We present our simulated noisy low-resolution spectra of the blue photometer in
blue and of the red photometer in red. 72 spectra of both FoVs are coadded to get spectra at the end of the
Gaia mission. The blue shaded region indicates the area of the RVS. For this redshift, Gaia can measure the
signal of HB and Ha.
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50 Low-Resolution Spectra with Gaia

G =20 mag
2=0.35 |
n:72 . . . . . .
1.5k ................ ............... ................ ............... ............... ............... ........
<
n
C
o 10_. ..............................................................................................................
o+
o
<
o
0.5/ ............... ............... ..........
0.0

4000 5000 6000 7000 8000 9000 10000
Wavelength [A]

Figure 8.2: Same Figure as 8.1 but for redshift z = 0.35. For this redshift, Gaia can measure the signal of Hf3
and Ho.
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Figure 8.3: Same Figure as 8.1 but for redshift z = 1.0. It is the most difficult range to measure the redshift.
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Low-Resolution Quasar Spectra with Gaia
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Figure 8.4: Same Figure as 8.1 but for redshift z = 1.2. For this redshift, Gaia can clearly measure the signal
of MglI and CIII].
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Figure 8.5: Same Figure as 8.1 but for redshift z = 1.7. For this redshift, Gaia can clearly measure the signal
of Mgll, CIII], and CIV.
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Low-Resolution Spectra with Gaia
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Figure 8.6: Same Figure as 8.1 but for redshift z = 2.0. For this redshift, Gaia can measure the signal of
Mgll, CIII], CIV, and Lya.
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Figure 8.7: Same Figure as 8.1 but for redshift z = 2.3. For this redshift, Gaia can measure the signal of
ClII], CIV, and Lycr.
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# P2011-18 P2011-19 P2011-20 P2011-28 P2011-34

Lens ID LSPM J0431 LSPM J0207 LSPM J2004 LSPMJ2022  LSPM J1209
+5858E +4938 +3808 +2657 +0042

o, (deg) 67.80238 31.76613 301.08704 305.61134 182.36808

oL (deg) 58.97810 49.64538 38.14137 26.95245 0.70392

tmin (Y1) 2014.04+0.08 2014.34+0.33 2014.51+0.60 2015.97+0.56 2016.954+0.36

Umin ) 0.133+£0.160  0.061+0.130  0.037£0.201  0.012+0.173  0.15240.137

ur, (’lyr) 2.375 0.486 0.341 0.331 0.386

myy, (mag) 12.1 12.1 12.7 16.3 14.4

MK DC WD M3V M1V M4V M3V

My (mag) 13.3 10.7 9.5 11.5 10.7

M, Mg) 0.6 0.35 0.45 0.3 0.35

Dy (pc) 5.6 19.3 42.9 92.5 55.7

6 (mas) 29.560 12.141 9.243 5.138 7.149

ug (6g) 4.5 5.0 4.0 24 21.3

0, (mas) 1.100 0.610 0.030 1.050 0.380

Omin (mas) 2.087 1.157 0.057 1.992 0.721

06 max (mas) 5.972+5.946  2.239+4.140  2.069+8.810 1.591+£10.782  0.33540.343

06 es (mas)  4.186+0.636  0.732+0.278  0.425+0.153  0.1324+0.046  0.2554+0.128

06 jum (mas)  0.006+0.008  0.005+0.012  1.083+6.332  0.093+1.368 13+15

tg (days) 5 9 10 6 7

tast (days) 101 150 2525 23 105

us (’/yr) 0.011 0.007 0.024 0.007 0.010

mygs (mag) 19.7 18.7 12.7 19.6 17.9

Table 8.1: We list the old microlensing events published in P2011 (excluding the events before 2014) with
centroid shifts potentially measurable by Gaia. The shown properties are the same as in Table 7.5 and the
shaded columns present the two events are the most promising events for a Gaia observation.
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