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Zusammenfassung

Das Standardmodell der Kosmologie besagt, dass sich dasrigain nur zu 4% aus Baryonen zusammensetzt.
Die uibrigen 24% beziehungsweise 72% bestehen aus dunkleri#atet dunkler Energie. Die Existenz dun-
kler Materie wird durch die flachen Rotationskurven von 8lgialaxien demonstriert, wobei jedoch ihre Natur
unklar bleibt. Es werden haupgishlich zwei Arten von dunkler Materie diskutiert, schwaeokchselwirkende
massive Teilchen (WIMPs) und massive kompakte HaloobjeW®GHOs). Es war Paczynski (1986), der
als erster vorschlug, Microlensing zur Detektion von MAC#HI@ unserer Galaxie zu nutzen. Seine Berech-
nungen zeigen, dass die Wahrscheinlichkeit ein Microtep&reignis in Richtung des Bulges der Milchstralie
zu beobachten, 1:1000000 kEgt. Paczynskis wegweisende Publikatiéhrte zu zahlreichen Beobachtun-
gen dichter Himmelsregionen wie dem Galaktischen Bulge dda Magellanschen Wolken, und es folgten
Berichteliber tausende Ereignisse, die in den meistélieR Selbst-Lensing (ein Stern wird von einem Stern
und nicht von einem MACHO gelinst) als Ursache haben. Aitegd kann aus der Mikrolinsenlichtkurve in
der Paczynski Bherung (eine Punklinse linst eine Punktquelle) als e@rzidpysikalischer Parameter nur die
Ereignisdauer direkt aus diesen Beobachtungen ermitiitlen. Die Ereignisdauer setzt sich in einer en-
tarteten Weise aus der Masse, der Entfernung und der Gastigkeit des MACHOs zusammen. Daher liefert
sie nur eine Wahrscheinlichkeitsverteilurig fliese physikalischen GRen. Das Aufheben dieser Entartung
erfordert die zuatzliche Beticksichtigung von Microlensing-Effekterdherer Ordnung, wie zum Beispiel die
Beriicksichtigung der endlichen Quellenausdehnung im Vergleur Punktquelle-Punklinse-Betrachtung. In
den ersten Teilen dieser Dissertation wird ein exakteryéisaher Formalismusif ausgedehnte Quellen en-
twickelt, der sehr einfachif Lichtkurven-Fitting-Routinen implementiert werdemka Dieser Formalismus
ermiglicht es, die Auswirkungen ausgedehnter Quellen phatidsoh und astrometrisch zu untersuchen. Der
entwickelte Algorithmus wurde erfolgreich bei einem, voougue et al. (2010) analysierten, OGLE-2008-
BLG-290-Ereignis angewandt.

Neben den Magellanschen Wolken stellt M31 ein weitereslédediel fur MACHO-Suchen dar, da mehrere
Sichtlinien in Richtung von M31 iglich sind. Dies erraglicht eine bessere Unterscheidung zwischen Selbst-
Lensing (Sterne linsen Sterne in M31) und Halo-Lensing (M&LS im Halo der Milchstral3e oder von M31
linsen Sterne in M31). Die extragalaktische Gruppe an devili&t Microlensing-Ereignisse in Richtung von
M31 Uber viele Jahre untersucht. Ich war an der letzten Phasé/dedelstein Calar Alto Pixellensing Pro-
jektes (WeCAPP) beteiligt, bei dem der Bulge von M31 korigrlich von 1997 bis 2008 mit 1-Meter-Klasse-
Teleskopen von Nnchen und Spanien aus beobachtet wurde. Bi&ste Kontamination von Kurzzeitskalen-
Microlensing-Ereignissen wird durch Novae verusacht. édaturde eine gindliche Untersuchung der Novae
im WeCAPP-Datensatz durchggirt, um eine obere Grenzérfdasy? des Microlensing-Lichtkurven-Fittings
zu ermitteln und zuveglssig zwischen MACHOs und Novae unterscheidendnnkn. In diesem Zusammen-
hang wurden 90 Novae detektiert, die zum gegamigen Zeitpunkt den gissten Satz an CCD-basierender
Nova-Lichtkurven in Richtung von M31 darstellen.

Desweiteren bin ich stark in das fortlaufende PAndromentdeRt eingebunden, einer intensiveberwachung
von M31 mit dem 1.8-Meter PanSTARRS-Teleskop auf dem Halleak Hawaii. Ziel ist die Bestimmung des
Anteils der MACHOs im Halo der Milchstral3e und M31. Zum Zeitfit der Verfassung dieser Dissertation ist
eine Beobachtunskampagnér{f Monate) abgeschlossen. Als vafiger Test wurde ein Teilfeld des Bulges
von M31 auf die Stabildt der Datenqualitt als Funktion der Zeit untersucht. Die Analyse zeigt, diies
Datenqualiat fur MACHO-Detektionen geeignet ist. Es wurden sogar secltsdinsing-Ereignisse in diesem
Subfeld detektiert. Zur Zeit erfolgt die Analyse des vélleiigen PAndromeda-Datensatzes.



Abstract

According to the standard model of cosmology, only 4% of our universeamposed of baryons.
The rest of our universe are in the form of dark matter (24%) and eiagkgy (72%). The existence
of dark matter is revealed e.g. by the flat rotation curves of spiral galbxieits nature remains un-
known. Two classes of cold dark matter candidates are mostly considezaklty interacting massive
particles (WIMPs) and massive compact halo objects (MACHOSs). Pakrzyh986) first proposed
to use microlensing as a probe to detect the MACHOSs in our Galaxy. His ctdcuthows that the
chance of observing microlensing effects towards the stars in the Galadgie is 1 : 1,000,000.
Triggered by Paczynski’'s seminal paper, numerous experiments havered crowded fields such
as the Galactic bulge and the Magellanic clouds and have reported thoo$awdsats mostly caused
by self-lensing. However, the only physical parameter that one caewetis the event timescale.
This is a degenerate combination of the mass, the distance, and the veloceyMA@HOs, and one
can only obtain the probability distribution of these physical properties ¢irawstatistical study with
large amount of events. To break this degeneracy for individuatever require higher order effects
from the microlensing, such as the finite-source effects relative to thé gpoimce point-lens cases. In
the first parts of this thesis | have developed an exact and analyticalif@ifor the extended sources,
which can be easily implemented for light-curve fitting routines. With these fornhaen able to
study the finite-source effects photometrically and astrometrically. We hebeessfully applied my
algorithm in the OGLE-2008-BLG-290 event analyzed by Fouque eR@al().

Besides the Magellanic clouds, M31 is another ideal target for MACHG@ckea because we can
have various lines of sight towards M31. This enables us to better distmgatsveen self-lensing
(stars lens stars in M31) and halo lensing (MACHOs in the Galactic or M&ls lens stars in
M31). The Extragalactic group at USM has studied microlensing towardk f@i3many years. |
have participated in the very last phase of Wendelstein Calar Alto PixelleRsojgct (WeCAPP),
which continuously monitored the bulge of M31 from 1997 till 2008 with one-m&tess telescopes
in Munich and Spain. The most severe contamination of the short time-scal@eniging events in
M31 comes from novae. Thus we carried out a thorough study of tha@eniovthe WeCAPP data set
and obtained an upper limit of the? for microlensing light-curve fitting to securely separate MACHO
from novae. We also detected 90 novae and presented the largesttasth@@D based novae light
curves towards M31 up-to-date.

| am also strongly involved in the ongoing PAndromeda project, a dedicated survey of M31
using the 1.8-meter PanSTARRS telescope located at Haleakala in Hawaain loé PAndromeda
is to constrain the fraction of MACHOs in the halo of the Milky Way and M31. iDgrthe time
when this thesis is written, PAndromeda has just finished its first obsereagpn (five months). As
a preliminary test, | used a sub-field from the bulge of M31 and investigatest#bility of the data
quality as a function of time. The study showed that the data is sufficient AZIND detections.
Indeed, we have discovered six microlensing events in this sub-fieldieAc paper for these six
events is in preparation. Currently we are analyzing the full amount ofAhdi®meda data.



Chapter 1

Introduction

1.1 Content of the universe

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflation &=

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Figure 1.1: Timeline of cosmic microwave background. Credit: NASA/WMARSme Team.

The current study of cosmology indicates our universe started framl@ing about 13.7 billion years
ago. Based on the Big Bang theory, our universe is very hot at bidicaals down as it expands.
The Big Bang theory predicts the remnant heat from the early epochs afrtiverse, dubbed as
cosmic microwave background radiation (CMB), to be around 2.725 K anahgates our universe
nowadaysPeebles1993. This has been observed Bgnzias & Wilsor(1965 and thus verified the
Big Bang theory. The tiny fluctuation in the CMB sheds light on the structuredtion in the early

universe and helps constrain the parameters of Big Bang theory, wivieh s information on the
density and composition of the universe. Observations from the Wilkinsioroave Anisotropy

Probe (WMAP) show that our universe is composed of three comporiEmsvast majority belongs
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to the regime of dark energy, leaving only one quarter of the universe ttatk matter and atoms
(see. Figl.4). Surprisingly, the most well-known and thoroughly studied part of theeuse, i.e. the
atoms, only contribute to 4% of the universe and this suggests that we éwkttle understanding
of our universe!

Atoms
Dark
4.6% Energy
Dark Ik
Matter
23%

Figure 1.2: Content of the Universe. Credit: NASA/WMAP Science Team.

Observational evidences, based on the distant supernovae fronupeenSva Cosmology Project
(Perlmutteret al., 1999 and Highz Supernova Searclir{esset al,, 1998, show that the universe is
expanding at an accelerated rate. Therefore, we require an exgellogyto counteract the gravi-
tational force. One can achieve a force that is counter-acting the drawitay introducing a fluid
in the energy momentum tensor which has an equation of wtatd®/p, wherew is negative. The
nature of this fluid and its exact equation of state (redshift evolution) ikmatn. The energy density
represented by the fluid is called dark energsidmanet al,, 2008.

The term dark matter was first proposedawicky (1937). He applied the virial theorem to estimate
the mass of the Coma galaxy cluster and found that the estimated mass of theohadéer exceeds
the mass from luminous matter in the galaxy cluster. To explain these disciepdresuggested that
most of the mass of galaxy clusters resides in the form of unseen dark.matter

Another evidence of dark matter comes from the rotation curve of spilatiga Rubinet al., 1980.

If most of the mass is concentrated in the center of the galaxy, as traced byrface brightness of
the galaxy, we would expect the stars and gases in the galaxy to follow fhlerkée dynamics and
the rotation speed would decrease inversely proportional to the souadref the distance. However,
the rotation curve remains flat even at very large distances from theygagaxer and indicates there
is dark matter permeating the entire galaxy and is substantially extended redatieevisible part of
the galaxy.

There are two proposed candidate classes for dark matter. The @ristimassive compact halo object
(MACHO), which is either a stellar remnant (e.g. a neutron star or a stellek bizle (BH) or a brown
dwarf that does not have enough mass to ignite hydrogen burning in t@eReevious microlensing
surveys towards LMC conclude that MACHOSs can contribute up to 20%eofrthss of Galactic halo
(Alcock et al. 2000). Alternatively MACHOSs could also consist of primatdBHs that were built
before Big Bang Nucleosynthesis (BBN) and do not enter the barydgdiwafterwards. This implies
that there is no limit on the amount of primordial BHs from BBN.

The second class of dark matter candidate is a non-baryonic particled#hestandard model. It can
be sub-classified into hot dark matter, which has relativistic speed andiadanatter which moves
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slower. The hot dark matter has too large energy and can hardly cluntpefémrmation of structure
in the early universe, thus is ruled out by the current cosmology modelp@ssible cold dark matter
candidates are weak interaction massive particle (WIMP) or super-sygnpagticles such as axion.
However, none of them have been detected by the current experiments.

A list of the dark matter candidates is shown in Tablé

Table 1.1: Dark matter candidates

Massive compact halo object (MACHO)
Brown dwarf

White dwarf

Neutron star

Primordial black holes

Hot dark matter
Neutrino

Cold dark matter
Axion

WIMP - neutralino
WIMPZILLA
Soliton

The last and most well-known component of the cosmic pie are the baryaraigita & Peebles
(2009 constrained the mass budget of baryons with the results of differ@eriexents (see Table
1.2). In their inventory, about 90% of the baryons are not well undedséow could be hidden in the
warm intergalactic plasma outside galaxies and clusters of galaxies.

Table 1.2: Baryon budget froffukugita & Peeble§20049

Main-sequence stars: spheroids and bulges  0.600®004
Main-sequence stars: disks and irregulars ~ 0.06b%600014

White dwarfs 0.00036- 0.00008
Neutron stars 0.0000% 0.00002
Black holes 0.0000% 0.00002
Substellar objects 0.00014 0.00007
Hl+Hel 0.00062+ 0.00010
Molecular gas 0.0001& 0.00006
Intracluster plasma 0.0018 0.0007
Total known 0.00525- 0.00083
Total baryons from BBN 0.045+ 0.003

Regarding the baryonic and non-baryonic dark matter, an interestirgjiguéo ask is, what is the
composition of the galactic halo. Since dark matter hardly emits light, the best wadsteot dark
matter would be gravitational lensing. In the past decades, numerous mgngesurvey have been
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conducted and search for MACHOs as dark matter candidates towar@sihetic bulge, Large and
Small Magellanic Clouds and especially M31.

1.2 Searching for dark matter with microlensing

Sourge star .

- “j . :
S~
Can b

Image Credit - ESA

Figure 1.3: An illustration shows the general idea of microlensing seardrdsviGalactic Bulge.

Although Einstein has already derived the equation for lensing by a pos# baeck to 1936 (the calcu-
lation has been done even prior then the publication of the general thie@fativity, seeRennet al.
(1997), he regarded the phenomenon as ‘no hope of observigigs{ein 1936 due to the small
chance to form such lens-source alignments along a line-of-sight. Bléagional lensing of a dis-
tant QSO was first observed Walshet al. (1979. A few years later, the giant arcs around galaxy
clusters were discovered thynds & Petrosiar(1986; Soucailet al. (1987 and were interpreted as
strong lensing signature BBaczynski1987. These discoveries all together demonstrated the feasi-
bility of observing gravitational lensing. It is until the emergence of modeLE€that ledPaczynski
(1986 to the proposal of using microlensing as an elegant way to probe massiygact halo object

as dark matter. In his seminal paper, Paczynski calculated the probalbifitynicrolensing event
with amplificationA = 1.34 at any time to be 1 out of 1 million stars. Thus it is possible to catch
such events in crowded stellar fields. Motivated by the insight of Pakzymsmerous experiments
were triggered to exhaustively monitor crowded fields such as GalactieBMggellanic Clouds,
and M31. The very first events were detected in 1988dck et al., 1993 Aubourget al,, 1993
Udalskiet al., 1993.

M31 has been proposed as a target of microlensing by several ag@rotts 1992 Baillon et al,,
1993 Jetzer1994. M31 is suitable for a microlensing search because it is possible to caventine
M31 halo with a few pointings (at least for present day, large mosaic @snddne can probe various
lines of sights and distinguish halo lensing (either from M31 or Milky Wayirfiself-lensing (lensing

by disk and bulge stars within M31) in the inner part of M31. Self-lensingfamination is severe
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in Magellanic Clouds and can dramatically change the interpretation of the NOAGHHhtent in the
Milky Way halo (Alcock et al., 200Q Tisserancet al., 2007). Besides, observations of tidal streams in
the halo of M31 show that M31 had a close encounter with M33 and hastedanaterial from M33
and cannibalized neighboring dwarf galaxi#ézafaet al, 2001, McConnachieet al,, 2009. Thus it

is possible that MACHOs (stellar remnants and brown dwarfs) from thegtdzhm contribute to the
total MACHO signal and place a lower limit also in the outskirts of M31.

Figure 1.4: PAndAS survey. Adopted frodicConnachieet al. (2009.

Microlensing events towards M31 are different from those in the Galagliland Magellanic clouds
because the stars can not be resolved in M31. Such crowded field mginges called pixel-lensing
because many sources-(100 stars withVir < 0 mag in the center of M31, sé&dffeseret al. (2006)
contribute to the flux of one pixel. In the pixel-lensing regime, the measurakameters of the
microlensing event differ from the classical regime. That is, one mesthedull-width-half-maxima
time scale fewnm) and excess flux4F) of the event instead of the canonical Einstein time scale
and impact parameteGpuld 1996. Thanks to the difference imaging algorithm (DIA) proposed by
Alard & Lupton (1998, trwnum andAF can be quantified with very high precision.
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1.3 Microlensing basics

Image1

Observer

Credit: NASA, ESA, and Johan Richard (Caltech, USA)

Figure 1.5: A schematic view of gravitational lensing. The space-time bettieesource and the
observer is disturbed by the gravity of the lens. The observer will seextieeded source split into
two arc-like images. If the source is not extended, the observer will sepadwmts instead.

The underlying physics of gravitational lensing is Einstein’s generalyhafaelativity. When a mass
(e.g. brown dwarf, black hole) passes between the observer and therbaokigsourced.g. star,
quasar), the mass induces space-time curvature and thus servesaaitatignal’ lens. The light rays
from the background source are bent and, instead of observingitheab source, the observer sees
two separate distorted images (if the source is extended) projected onttie plane (assuming a
single, point-like mass, see Fif).5). The position of the images on the source plane can be derived
from the lens equatidn Let us take a look at Fid..6. In the triangle OISIS= aD,, = (6 — 6s) D,
whereD_, = D,, + D, is the distance between the observer and the background $camdethe light
bending angle

4GM

a

can be calculated from Einstein’s general theory of relativ@ghneideet al, 2006§. Thus one can

1 Here we assume the thin lens approximation is satisfied, where all the attlefiection is considered to take place at
a single distancellambsganssl 998, which requires: (1) The relative velocities of lens, source andrebsare small
compared to the velocity of light and (2) small Newtonian potentidl< c2. These two assumptions are justified in all
astronomical cases of interest.

2 In order to derive the microlensing equations, angles are related to lscajéss using Euclidean geometry. These equa-
tions are still valid in an expanding universe if the distances are interpastadgular diameter distanc&hneideet al.,,
2006.
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Figure 1.6: Configuration of microlensing.

derive the lens equation

6 (6 — 6s) = “M Phs_ = 2, (1.2)

OL ~0s

When the observer, lens and source are so well aligned that the leriapsvevith the source in
the line-of-sight direction, the two distorted images connect together anddaing, the so called
‘Einstein ring’. The angular Einstein ring radius can be expressed as

2 (o ok osoomed ) (8270 8) T o

DOL DOS oL os

in case of a point mass and a point source. Microlensing bears the nam&f because such
events were first observed towards distant quasars, and the sizzBh#tein ring is in the scale of
micro-arcsecond.

If we normalize the length scale # and define

u= 0s/6k, (1.4)
the root of the lens equation (equatidn?) provides us with the position of the distorted images,
Up = (Ut VUue+4)/2 (1.5)

whereu. = 6. /6. Due to the conservation of surface brightneshneideet al, 1992, the ampli-
fication of the background source is simply the ratio between the area of thesnmthe area of the
source. So the amplification of the distorted images and the total amplificatiorecidolated by

Us dus U2—|—2 u<1 1
AL=|——— A= A l=——./~ — 1.6
+ u dul’ A++ U’/U2+4 u’ ( )

and yet it is only a function ofi. This is the beauty of microlensing because one can calculate the
light curve merely by the relative lens and source position projected ontkjhe

3 This holds for a 'small’ source of negligible extent and is often refeagg@oint-source approximatioB¢hneideet al.,
20096.
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If we assume the relative lens-source motion to be rectilineean be decomposed into components
parallel and perpendicular to the direction of the relative lens-source mati@and A can thus be
calculated as

_ut)?+2 [ (t=10)?
A(t)_—u(t)\/m’ ut) = <tE > +u5 (1.7)

wheretg andug are the time and impact parameter at the closest-apprtaistthe Einstein timescale,
which is defined as the time required for the lens to traverse the Einstein radius

1/2 1/2 1/2
e = % _ 0214 <M> ( Do, > <1_ DoL) (200‘<”VS> ‘ (1.8)
Hrel Mg 10 kpc Dos Viel

1.4 Breaking the microlensing degeneracy

Since the first discovery of microlensing events in 198Rdck et al., 1993 Aubourget al., 1993
Udalskiet al, 1993, thousands of events have been reported. However, the only garaone can
retrieve from the light curve is the event timesctde The Einstein timescale is unfortunately a
degenerated parameter consisted of the lens mass, lens distance, atatitreelens-source velocity
Lrel- Thus it is impossible to characterize the lens and the source of a singlgtenargh light curve
measurement - if not provided with further information, and the properfi¢lseolens can only be
revealed through bulk statistic studies.
Gould (1992 points out that, in order to break the microlensing degeneracy, ongesdhe mea-
surements of both the angular Einstein radigsind the microlens parallax

TE = A:—U (1.9)

e

whererg is the Einstein radius projected on the observer plane. The mass of thaltens determined
without ambiguity Gould, 2000:

_ 6 . 4GM

= K.:m%8.l4mas Mt (1.10)

The microlens parallax can be derived from, for example, the Earth-bgatallax caused by the
orbital motion of Earth around the Sun. This will result in parabolic lengesotrajectory instead of
the rectilinear motion during the time of closest-approach in the geocentricvakise (see Figl.7).

The information of microlens parallax can be obtained by fitting the tiny asymmeting ilight curve.
The Einstein radius can also be obtained by several methods. The Br& applicable when both
the lens and the source are stellar objects, that is, to take a snapshot wyithigie precision as-
trometry long after the event. From the time sp&inand the separation between the lens and the
sourceA 8, one can easily calculate the relative lens-source velgpgity Combined with the Einstein
timescaleg obtained from the light curve, one can thus derive the Einstein radifls bytg x Urel.

So far there are only two such cases, MACHO-LMCAlcpck et al., 200 and MACHO-95-BLG-

37 (Koztowskiet al,, 2007, because this method requires the lens-source relative velocity toye ver
large and both the lens and the source must be luminous enough for de{seetidrig.1.8). For the
case of MACHO-LMC-5, the parallax effects can be inferred with tinynasyetry in the light curve,
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Figure 1.7: Parallax effects by Earth-orbital motion in the MACHO event MIRELMC-5. Left
panel: light curve for MACHO red (circles) and blue (crosses) filtefee dashed (solid) line in-
dicates the best-fit model with (without) parallax effects Right panel: thectraje of lens-source
relative motion with (solid line) and without (dashed line) parallax effectsjepted onto the sky in
the geocentric frame. Open (filled) circles are fot to (t > tp). The time difference between two
consecutive circles are 5 days: o4 is the best-fit microlens parallax froAlcock et al. (1993 under
the context of heliocentric framet new is the new solution found b@ould (2004 in the geocentric
scheme. Adapted froi@ould (2004
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Figure 1.8:HST observation of MACHO-LMC-5. Left panel: Three-color image fromYWEPCV -,
R- andl-band observations. The source is the blue star close to the center, wighs$he be the red
star indicated by the arrow. Right panel: The lens motion projected onto yheigkthe best-fitted
microlensing parallax. Adapted fro&lcock et al. (2001).
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Figure 1.9: Observations of OGLE-2008-BLG-290 overlaid with modelhefbest-fit finite-source
and limb-darkening effects ih-band (black curve)R-band (red curve) and-band (green curve).
Adapted fromFouqgLe et al. (2010.

which sheds light on the properties of the lens, such as its mass and lodstoglk(et al., 2001
Gould 2004 Drakeet al,, 2004 Gouldet al., 2004).

The second method is through the finite-source (FS) effectsAtagpw et al,, 2000. When the lens
transits the surface of the source during the course of microlensinggithiegource approximation in
equation 1.6) is no longer valid. One has to integrate equatib®)(over the surface of the source by

2 S A [\/(u +rco)’+ (rsin@)z} rdrd@

As(Ulps) = : (1.11)

2 (s rdrd 6

wherep, = 6,/6 is the angular source radius in units @. When the lens is perfectly aligned
with the sourcey = 0), the amplification is reduced tg'p2 + 4/ ps, in comparison with the infinite

amplification in the point-source regime. One thus can retrieve the sourda siziés of the Einstein
radius by fitting the light curve with one more parameter (the sourcepgsizeFurthermore, if one
has multi-band observations, it is also possible to fit the limb-darkening pteesr(see Figl.9) in
different bandpasses using, for example, the linear limb-darkening law

S(r/ps) = S1—Ts(1—-15\/1-r2/p?)], (1.12)

wherer is the distance to the source centés.is the wavelength-dependent limb-darkening coeffi-
cient. Sis the mean surface brightness of the source. Equatidrd)(then becomes

21T S
Aci(Ulps) = % [ [ Awsir/p,rarde. (1.13)
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Figure 1.10: Centroid shifts for PSPL. Left panel: the trajectory of the-phage (in blue), minus-
image (in red), centroid of these two images (in black) and the lens (in getjve to the source
center assuming = 0, tz = 10 d andug = 0.5 6z. Right panel: centroid displacement for different
values ofug.

Finite-source microlensing thus serves as a powerful method to probarfaeesbrightness profile

of distant stars. As long as one gets the source size in terms of the Eingleis, rane can thus
infer the Einstein radius by comparimg to the actual source size derived from the empirical surface
brightness — color relation. For examplkgrvellaet al. (2004 proposed the following relation for
angular diameter for either dwarf stars with spectral types between A0MZnor subgiants in the
range of AO to KO:

log(26,) = 0.0755V —K) +0.5170— 0.2K, (1.14)

whereV is in Johnson system amdwith A = 2.0 — 2.4um.

However, the typical value de is in the order of 0.5 mas while th& is ~ 0.5 pas, so one will need
events withA > 1000. The chance for the lens to transit the source is very slim and olydiui of
such events have been observed so far.

The third method is through astrometric microlensittpgokaweet al., 1993 Hoget al, 1995

Witt & Mao, 1994 Miyamoto & Yoshii, 1995. The idea is that, although the state-of-art observa-
tories are not able to resolved the two microlensed images, it is possible torméas@astrometric
centroid of the plus- and minus-image relative to the source,

_A+9++A,9,_ u

0= A U= w2 (1.15)

with maximum deviation~ 0.35 6z occurs atu = v/2. It has been showrWalker, 1995 that the
astrometric centroid relative to the source will trace out an ellipse, and the®of the ellipse gives
the scale of the Einstein radius (see FiglQ. This implies that one can determine the Einstein
radius for virtually every single event if the astrometric signal is large ghda be observed. For
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example, a source in the Galactic bulge lensed by an object df10.5n the half way ha®: ~
0.7 mas, which is an order of 2 larger than the accuracy of up-co8yage Interferometry Mission
(SIM, Allen et al,, 1997). However, the astrometric signal for self-lensing events towards Nage
Clouds and M31 is beyond the detection limitSifV.

1.5 Microlensing in the pixel-lensing regime

When the sources of the microlensing events are in crowded fields ootée mesolved at all (such
that many stars contribute to one pixel of the detector), it is referred toixeélpnsing regime. In
the pixel-lensing regime the transient event can be detected with the diféein@raging technique
advocated bylard & Lupton (1998. The idea is to convolve the PSF of the frame of interest and
the reference frame to a common basis so that varying objects can bledeattar the subtraction of
the reference frame (see Fid..11). In the pixel-lensing regime, the observables are the full-width-

OBSERVED FRAME REFERENCE FRAME DIFFERENCE FRAME

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

1 Pixel

Figure 1.11: A schematic view of the difference imaging technique in croviidiel The reference
frame is constructed by good seeing images. To perfectly subtracted ckgrdand sources, the
frame of interest and the reference frame are convolved to a commona3&k- lnage credit: Arno
Riffeser.

half-maximum timescale of the evem¢\{nm) and the flux excess above the backgroufig)( These
two quantities are related to the canonical microlensing parameters as foliohiagvent timescale
trwum Of @ light curve is defined by

A(tFWZHM) 1= % (1.16)

whereAy is the maximum amplification of the light curve. After some iteratitpyum can be ex-
pressed as a combination of the Einstein timescale and a functi&y) of

trwhm =teY(Ao) (1.17)

where

1/2

B Ao+1)\° 2 [(A+1)32 - Ag(Ao+3)7]
Y<A°)_2\/“<2> U = B Ao DA I (19
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u is the lens-source separation projected onto the sky as introducee befmjuation 1.4) and can
be expressed as a function Affrom equation 1.6). Since the pixel-lensing events are often only
detectable ifAg > 1, Gould (1996 derived an approximation form of equatioh{) assuming high
magnification:

t—t 2 -1/2

Ap CU(t) ~ Fe [( o +1] : (1.19)
teff

whereFes := E—g andtes := Upte. While equation 1.19is useful in filtering out high magnification

events, it fails for the moderately amplified everR#ffeseret al. (2006 thus suggested to use

(1.20)

12(t—t)2 1Y
1At —to)” 02) +1} ,

JAY= (t) ~ Feff [
tFwHM

which provides a good description for both high and moderate magnification.

If the events are monitored with two filtdrghe color# of the source can be derived which sheds light

on the identity of the source. These observables are essential ingseiigmedict the microlensing

event rate towards a given line-of-sight. A detailed description of hovoliservables are related to

the microlensing event rate is shown in Chapter

4 This is often the case to confirm the events from their achromaticity.
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Chapter 2

Finite Source Effects in Microlensing: A
Precise, Easy to Implement, Fast and
Numerical Stable Formalism

This chapter has been published_igeet al. (2009.

2.1 Abstract

The goal of this paper is to provide a humerically fast and stable descrifstiche microlensing
amplification of an extended source (either uniform or limb-darkened)htblals in any amplifica-
tion regime. We show that our method of evaluating the amplification can be implamieitea
light-curve fitting routine using the Levenberg-Marquardt algorithm. Wmpare the accuracy and
computation times to previous methods that either work in the high-amplification regitpeon
require special treatments due to the singularity of elliptic integrals.

In addition, we also provide the equations including finite lens effects in mitsig light curves. We
apply our methods to the MACHO-1995-BLG-30 and the OGLE-2003-B162-events and obtain
results consistent to former studies. We derive an upper limit for the OZIEB-BLG-262 event lens
size.

We conclude that our method allows to simultaneously search for point-sandcgnite-source mi-
crolensing events in future large area microlensing surveys in a fastamann

2.2 Introduction

In large area microlensing surveys, one has to search for microlerigimgfwres in billions of vari-
able sources. This is straightforward to do and computationally inexpgemsihe point-source ap-
proximation. One either fits a Padmki light curve Paczynski1986), or, if appropriate, the Gould
high-amplification approximation for point sourc&squld, 1996. One major disadvantage of these
point-source light curves is the infinite amplification for a lens exactly in fobtihe point source.
Gould (1999 extended Pachski’s light curve to finite sources which also avoids infinite amplifica-
tions. His equation describes the amplification as the two-dimensional integodtiba Paczfiski
amplification over the circular source, assumed to have constant sbrightness.
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L u S

Figure 2.1: Geometric definitions. Left: source is overlapping the lensrceRight: lens is outside
the source radius.

Using the limiting form of Paczynski light curve under high amplification, Gasilable to factor out
the two-dimensional integral into point source amplification times a much simplerahtedean-
while, Witt & Mao (1994 obtained the finite source amplification directly from the lens equation
by comparing the area of the source and its lensed images. Howevercede to take care of the
singular points for the elliptic integrals of the first and the third kind when ufieg formula.

In this paper we adopt the same strategasild (1994, because in this way more general surface-
brightness profiles for the sources (e.g. limb-darkened ones) carkdre itdo account straightfor-
wardly. For the cases of a uniform disk we will also compare our results\With& Mao (1994).

The technical issue of the integration in the Gould extended source formedisrbe carried out in
several different ways. The two straightforward ones are to use potadinates and to choose the
coordinate center either (1) at the source center or (2) at the lens.c@oigd (1994 took the first
choice.Riffeseret al. (2006 have shown for the very special case where the lens is positioned along
the line of sight to the source that the integration can be solved very easily #ettond option is
chosen.

This leads us to choose the lens center as the coordinate center in deriegaéfit from the more
simple integrand. We will show (in Secti@?3) that in this way the amplification of a uniform circular
source is reduced to a one-dimensional integral and can be computedaalipéast and stable by
using the composite Simpson’s rule. A limb-darkened source is treated in i58cfio The two-
dimensional integral can be solved numerically again in a fast and stablierfasnd light-curve
fits for limb-darekened profiles can be obtained with the Levenberg-béadg algorithm (seress
2002 with less than 100 steps. We also allow for finite lens sizes in Se2tBrAs a test example,
we apply our fitting methods to a MACHA[cock et al., 1992 event and an OGLE (The Optical
Gravitational Lensing Experimenitldalskiet al., 1992 event in Sectior2.6. We conclude in Section
2.7.

2.3 The finite-source microlensing equation

We first introduce our notation. L& be the Einstein radius of a point mass lens, labé the impact
parameter of a point source. Then one can write the amplification of the gminte by the point
mass lens as a function of the dimensionless impact parameteb/Re = 0/6¢ as

AU = u+2

~ W4 2.1)
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(Paczynski1986.

If the source is extended one can obtain the lensed flux and the total antiplifiog integratingA(u)
over the source area, weighted by the surface-brightness profile aotirce. We now derive the
amplification for a circular souréewith radiuspg (o, = E“EBOL is the projected source size in units
of the Einstein radiu&e andR. is the physical source sizec))% The situation is sketched in Figure
There are two cases: either the center of the lesrojected along the line of sight) is within the
extended source centereddthe left side of Figur.1) or the lens is outside the extended source (the
right side of Figure2.1), i.e., eitheru < p, or u > p,. One obtains the amplification of the extended
uniform source by integrating the point-source amplification over the s@reawsorce

T A
A*(U;PS) _ sou}e i T[pz / Apsdﬂ (2.2)
Ssource source

Using polar coordinates centered on the lens, one can write

U2(19)

T
A (Up5) = 752 ofu I A(0) Gdids . (2.3)
1

The integration boundarieg andu, are

U< Ps
u(d) =<{ ucosd — —W2sirtd ,u>p A9 <arcsinp,/u) (2.4)
,u> p A J > arcsinp/u)

ucosd +,/p2 —u2sitd u<p,

W(d) =9 ucosd + p2—usirtd ,u>p,Ad <arcsinp,/u) > (2.5)
,u>p, A9 > arcsir(p,/u)

777

and so the amplification becomes

A*(U;py) = /[UZ )3/ Ua(9)2 +4—ur(8)1/u )+4} s | (2.6)

which can be approximated numerically using the composite Simpson'’s ruleaitreven number)
grids:

-

3

I [(LHPS) (”*ps)z”;(“’ps) (”’ps)z i F(%m) 14 E f<(2k nn )} ,u< pg

mp

[N

A (u; pg) ~

2
n; arcsn{ps/u) |:(U+Ps) (U+P3) +4;(U*PS) (U*PS) +4+% ”iZZ*llf (Zkarcsir:(ps/u)>+% :glf <(2k—1)arrc]sir1ps/u)) u> pS

(2.7)

1 The reader is referred tdeyrovsky & Loeb(1997) for a more general case of elliptical source.
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wheref (9) = [uz(3)1/U2(8 )2 +4—ur(I9)/u1(d)?+4]. The upper limit of9 changes fron§ to 11

when the lens crosses the edge of the source from outside to inside dlses$ avgrid of & for u < p,
in order to have the same step size on both sides.

Gould (1994 argued that the finite-source effects are prominent only when the lemsyilose to
the source centeu(k 1), and thus one can approximate Equatidri)(by

2
A (u) = u% ~ul u<l, (2.8)

and the finite-source light curve can be obtained by solving elliptic integgaésdlsdroo et al., 2004
Cassaret al,, 2009

X 4u u
A Gould(U;pS) = APS(U)EE <19maX7 p> ) (29)
S S

whereE( @, k) is the elliptic integral of the second kind afighax is defined as

T
_ 2 ,u < ps
Fmax= { arcsir(p/u) ,u> pq ' (2.10)

We now compare our method fé*(u; p;) with previous ones, i.e. witlPaczynski(1986, Gould
(1999 andWitt & Mao (1994, and illustrate these comparisons in Figu2esand?2.3.

Equation R.9) and @.10 allow a fast computation of finite-source light curves in the Gould approx-
imation, which however is accurate only for a high-amplification event. Thisas/s in Figure2.2,
where for high amplifications (right panel) the Gould finite-source agpration @ray) is very close

to theWitt & Mao (1994 light curve (displayed irsolid black, but fairly off when the lens transits
the source for low amplifications (left panel).

Our formalism from Equatior(6) and that olWitt & Mao (1994 both provide the exact light curves
for uniform extended sources. In the Witt & Mao formalism one has to et@lan elliptic integral
which shows singularity when the impact parametés similar to the source sizg,. Witt & Mao
therefore derived a separate solution for the case-efp;. This method is difficult to implement
into numerical fitting routines in general, and particular cumbersome for fassaumerical fitting
routines, where the partial derivatives have to be provided.

We therefore suggest to start from our exact formalism given in Equéi®) and estimate values
for the integral using Equatior2(7) with n = 10. The comparison with results from higher values
for n =500 or the comparison with th&/itt & Mao (1994 formalism — see thgray anddash-dotted
curvesin Figure2.3— shows that Equatior2(7) (with n = 10) provides a precise humerical estimate
for the integral already. Another advantage of our formalism is that aneobtain the derivatives of
Equation R.6) with respect to source radiys andu in a straightforward manner (see Appendix A).
This enables us to use fitting routines as, e.g., the Levenberg-Mar@lgodthm (sedPress 2002
which converge in this case in less than 100 iterations.

The approximation byGould (1994 with A, (u) evaluated according to EquatioR.J) is actually
valid for all u provided thafp, < 1, so it deviates from Equatio2.©) for larger source size. In fact,
more than 80% (2548 out of 3153) of the microlensing events detectedtfi@@GLE experimeRt

2 http://ogle.astrouw.edu.pl/ogle3/ews/ews.html
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Figure 2.2: Comparison of finite-source light-curve approximations. Lmeftderate-amplification
regime withte = 10,up = 0.1 andp, = 0.5. Right: high-amplification regime witlz = 10,ug = 0.01
andp, = 0.05. Indashed blackhe Paczfiski light curve for a point source, solid blackWitt & Mao
light curve, ingray the approximation derived b§ould (1994 and indashed whitdequation 2.7)
with n=10. The vertical lines indicate the time wher- p,. Our formula is as good &ould (1994
in high-amplification regime and is better in the moderate-amplification regime.

(Udalski 2003 have maximum amplificatior: 10 (see Figur@.4). This highlights the necessity of
a fast fitting routine for the moderate-amplification regime. We then compare titecligve com-
putation time of Equation2(7) to Gould’s formalism (see Figur2.5). With n = 10, Equation 2.7)

is about 38% faster then Gould’s formalism wher pg; and is> 55% faster whem > p,. There-
fore, ourn = 10 approximation turns out to be a practical fast fitting routine for both nateleand
high-amplification regimes.

2.4 Finite source with limb darkening

The next step towards a more precise microlensing light curve for exdesaieces is to account for
limb darkening. Since the darkening is increasing towards the edges afitteesthe limb darkening
brings finite-source light curves closer to the Pdsky light curve which can be considered as the
most extreme limb-darkening model with a delta function.

We use the one-parameter linear limb-darkening profile fromet al. (2004 for the surface bright-
ness of the source,

2
Sr/R.,M)=S|1-r 1—2 1—<r> , 2.11)

wherer is the distance to the source center.
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Figure 2.3: Percentage deviation in amplification compared to Witt & Mao formahgy). The
expression ofcould (1994 is valid for small sourcesplid black but shows deviation- 2.5% for
larger sourcedotted black Equation 2.7) with n = 10 shows a smaller deviatior:(0.5%). Equa-
tion (2.7) with n = 500 for both source sizes are well overlapped with each other, shove Isere
only p;, = 0.05.
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Amplification of OGLE events from 2002-2007
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Figure 2.5: Light-curve computation efficiency.
Figure 2.4: Maximum amplification of mi- We compare light-curve computation time of
crolensing events detected by the OGLE experEquation 2.7) with n= 10 to that of Gould’s for-
iment from 2002 to 2007. Most of the events ( malism for various source radip{ = 0.01, 0.1,
80%) have maximum amplification 10. Events and 1). The computation time for our approxi-
with maximum amplification> 100 , which are  mation is comparable to the Gould formalism; it
categorized into interval 100-110 in this plot, are is about 38% faster whem < p, and is> 55%
relatively rare € 4.4%). faster wheru > p..

I is the limb-darkening coefficient, and depends on the wavelength raeddarsthe observations.
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Sis the mean surface brightness of the source and defined as

2R,
//S(F/R*,I')r”dr”dﬁ — mR.2S. (2.12)
00

We implemented the limb-darkening effects in our finite-source light curvellas\s:

T Up(9)
Ao (Ups) = ”F’Zéso u (fg)Aps(ﬁ)S(r/R*,l')ﬁdeﬁ
1
:quzfs) P2 |1_r(1-3 [1_ ®=2ulcosd+? | | {ijd 19
3 0 uis) V2+4 2 P2 .

Equation 2.13 is still a double integral ovewm &nd3d. But even here the divergent part cancels, and
the function is numerically stable and can be evaluated using a small grid. Thedirkbning effects
under moderate-amplification regime is shown in Figug

Limb-darkening effects
10.0\\\\\\\\\\\\\\\\\\\'~\~.\\\\\\\\\\\\\\\\\\\

-—- 1=0.3

amplification
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Figure 2.6: Limb-darkening effects on the finite-source light curve in theeraie-amplification
regime. Indotted blackwe show the Paczhski light curve for a point source witty = 10 andug

= 0.1. Insolid black we show the finite-source light curve for a uniform source with a ptefec
source size op; = 0.5. Indashed lineanddash-dotted linewe plot the limb-darkened finite-source
light curves withI” = 0.3 and 0.6. Increasing enhances the limb-darkening effects thus brings the
finite-source light curve closer to Paéiky’s formalism.

2.5 Finite-source equation with finite lens

Given a finite-size lens, one can always find a time interval when the |lestsids the inner (and the
outer, depending on the lens size) lensed image in the early rising stagethadiival declining stage
of the light curve. In the following, we investigate how large this effect iseteling on the lens size.
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b b_obscured by lens

+
b, obscured by lens

Figure 2.7: Image obscuration by a finite lens with radsgs = 0.5Re.

Agol (2002 derived the lens-modified amplification by calculating how much area is uncsby
the lens in the image plane. One has to solve for the image position by invertinghthedeation
and one has to evaluate the image area from the image boundary using 8te&s=m. Depending
on the source and lens radii, there are 7 different cases for the innge iamal 6 cases for the outer
image to be considered if one follows the derivation of Agol.

Here we show that the finite lens amplification of a finite source again can be mare easily
evaluated if one uses the polar coordinaieend 9 again. First, we consider a lens with physical
radiusRens transiting the surface of the source. The light emitted at a given point finensource
follows the lens equation

b by Re
- =Tk , 2.14
Re Re by (2.14)
which gives the position of the two images in the lens plane (racall%)
by utvuwr+4 (2.15)
Re 2 '
with amplifications
A= _SF2 L1 (2.16)
* /P +4 2 '

Here,%+ denotes the outer image, aéy denotes the inner image in units of the Einstein radius. The
sum ofA, (u) andA_(u) gives the Paczyski light curve.

An image is unobscured i#%* > Plens OF % > Plens holds, whereoens = R;gs is the lens radius in
units of the Einstein radius. Following this criterium and Fig@ré there exists an upper limit for

% < —prensand a lower limit for%+ > Prensto be unobscured by the lens. Therefore, we only need to
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consider these two limitations when integrating the amplification in Equa2ia (

1T Wo(9)
AL (Up) — %égu 6{9) (AL (@0 (& — Pens) +A- (0O (2 — Pens) | G
1
o T I o\ (U2(d) - > min[uz(’s)v—plens‘f‘ﬁns]
=) (% u2+4+u7> max{us(9). pens— 2= ’ (% u2+4_u7> u(9) @

(2.17)

whereO(x) defines the Heaviside step function.
Combining EquationZ.13 and EquationZ.17) fully considers a limb-darkened source and a finite
lens:

m U(3)
2 b b_
A o (U 05) = 25 [M(G)@ (* - plens> LA(0)O ( - pm)] S(r/R.. I )ddaas .
los O/Ul(g) Re Re
(2.18)
2.6 Results

When we implemented the finite-source fitting using the Levenberg-Margakyarithm, we rec-
ognized that a good set of initial values is needed to bring the algorithm temnce. Fitting

a Paczpski light curve to derive these initial values for the finite-source fittingl$e® very good
results. The algorithm is stable and for an initial valugof= 0.1 it converges within 100 iterations.
Alcock et al. (19973 were able to measure a microlensing light curve with finite-source effects in
MACHO-1995-BLG-30. We extracted the data points from their paperagpdied our finite-source
fitting algorithms to them. Fitting Equatior2.(7) with n = 10 to the data yields a perfect agreement
(see Table.1and Figure2.8) with the parameters given in Table 2Alcock et al. (19973:

Table 2.1: Light-curve parameters for MACHO-1995-BLG-30

Fit  Apg(u) (thiswork) — A*(u;ps) (this work) — Alcock et al.(19973, Table 2
to 1321.260+ 0.002 1321.235- 0.002 1321.2(1)

te  34.41+0.02 34.25+ 0.02 33.68(1)
Up 0.04133+0.00004 0.05569 0.00006  0.05579(1)
o, - 0.0722+ 0.0001 0.07335(1)

a. The reported uncertainties in the final significant digit(s$)\lebck et al. (19973 are the maximum extent of the surface
in parameter space which hag&greater than the best-fit value by 1.

Alcock et al. (19973 then obtained the limb darkening coefficients of MACHO-1995-BLG-30 utiliz
ing spectroscopic information. Howevéteyrovsk (2003 argued that the surface-brightness profile
of this event can not be fully recovered due to its intrinsic complex variabiliberefore, we tested
our limb-darkening fitting routine to another limb-darkened finite-sourceite@&LE-2003-BLG-
262. Our results are shown in Tal#e2, Figure2.9 and Figure2.10in comparison withYoo et al.
(2009.
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Figure 2.8: Finite-source light-curve fits for MACHO-1995-BLG-30ws#ng a uniform source. Data
points inR are from MACHO (ed), CTIO, UTSO, WISE, and MJUQgtay) andV are from MACHO
(blue) and UTSO greer). Thedashed lineshows the light curve for a point-source model. The best-
fitting finite-source light-curve parameters are displayed in Tadle

Table 2.2: Light-curve parameters for OGLE-2003-BLG-262.

Fit  Asg(u) A (u; ps) AL (U 05)

to 2839.852+ 0.001 2839.838- 0.001 2839.8361 0.001
te 12.83+ 0.01 12.61+ 0.01 12.559+ 0.016

Up 0.028774+ 0.00008 0.0365 0.0002 0.0361 0.0002
ps - 0.05814 0.0002 0.0598t 0.0002

Note.We fixed the limb-darkening coefficients @/, [, M) = (0.72,0.44,0.26)

Finally, we choose several lens sizes for the configuration of OGLIB-E) G-262 to investigate the
influence of the finite lens effects on the microlensing light curve in Figut@ The light curve is
strongly altered only if the lens size is comparable to or larger than the Einatiirsr

When the lens size is smaller than GRg3it only partially covers the outer image and the finite lens
effects can be observed only at the very beginning of the rising andtineand of the declining
stage of the lensing event. Therefore, we fitted various lens sizes gighde- 1.1Rg using the full
OGLE I-band data set. However, no improvemenyfhas been found by introducing lens sizes as
an extra parameter in the finite-source model (see Figurd. This implies that the lens size effect
is negligible for OGLE-2003-BLG-262.

2.7 Conclusion

We have demonstrated that finite-source effects can be more converggatlbated in the lens-
centered polar coordinate system. The uniform source case can Uiedetb a one-dimensional
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Figure 2.9: Residuals of the observed light curve relative to the best{fitted-source light curve.
The solid blackcurve shows the light curve of an extended source with uniform seiffaightness.
Thesolid blue solid red andsolid greencurves are extended source models incorporating limb dark-
ening inV, | andH bands with(ly,l;,ly) = (0.72,0.44,0.26). The vertical lines indicatg for the
best-fitted point-sources¢lid) and limb-darkened finite-sourcdgshed model. For the light curves
with the limb-darkened source we have Igfas a free parameter. The best-fitting valuetgalightly
differs (see Tabl@.2). This causes the asymmetric pattern of the residual relative to the idktzy
light curve.

integral, which can be solved in a fast and numerically stable manner. Eve@psly available
formalisms were either comparably fast but held only in the high-amplificatigimes (the Gould
finite-source approximation) or held in any amplification regime but involvethtagral which has
singularity and is slower to solve (the Witt & Mao approach). We also shdiettthe vast majority
of the OGLE-lensing events have maximum amplifications smaller than 10, amddiecannot be
precisely described in the high-amplification, finite-source approximatidaoofid. Our formalism
allows a fast and simultaneous search for microlensing events with extengedhtlike sources in
any amplification regime.

We also presented the limb-darkening effects and finite lens size effeatsfiormalism. We showed
for the case of OGLE-2003-BLG-262 how one can constrain the e@ize and obtain upper limits
for the lens size.

The Appendix provides the partial derivatives of the amplification for ifoum surface brightness
source (Appendix A), a limb-darkened source (Appendix B), andfaum surface brightness source
with a finite lens (Appendix C), which are required in, e.g., the Levenb&agyuardt algorithm to
obtain microlensing light-curve fits.
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Figure 2.11: Fitting residual of various lens radius

curve fits for OGLE-2003-BLG-262. Data points relative to the point-source model. Data points are
are inl(square),V(circle), andH(triangle). The in I(square)V(circle), andH(triangle). Thesolid
dashed lineshows the light curve for a point black line shows the light curve for an extended
source. Thesolid lineshows the light curve for an source with uniform surface brightness. Tdated
extended source with uniform surface brightnesslinesillustrate the effects of finite lens sizes on top
The dotted linesllustrate the effects of finite lens of finite source size for lens sizes pfns = 0.93,
sizes on top of finite-source size for lens sizes 0f0.96, 0.99, and 1.02. One sees that all these cases

Plens= 0.93, 0.96, 0.99, and 1.02. can be safely excluded.

Figure 2.10: Finite-source and finite-lens light-
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Figure 2.12:x2 contour map of OGLE-2003-BLG-262. lmhite contour levels for 1, 2, and 8 for
source and lens size fitting are shown. Thack triangleindicates the best-fitted model wifh =
0.06056 andRens= 0. This suggests that the point lens assumption is sufficient for OGIOB-BL.G-

262.
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2.8 Appendix A: Partial derivatives of the finite-source amplification
for a source with uniform surface brightness

s 2 ; 2 i
A" 2 ug+2 usir? 9 ug+2 usir? 9
A (Y p)= -2 cosd — — cosd 4+ S| 5 dd
ou ( 7ps) ’Tpé g{ +4 [ \/pg—UZSinZS] \/u§+4 + \/‘W] } (2.19)
m 2 * .
dA* 2 U2+2 U1+2 A (U7ps)
u 2 dd -2 .
oo (UPs) = 7 g [ VG i PSP /A [z PSP Ps

2.9 Appendix B: Partial derivatives of the finite-source amplification
for a source with limb darkening
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2.10 Appendix C: Partial derivatives of the finite-source and finite-ens
amplification assuming a source with uniform brightness
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The derivatives can be obtained numerically by utilizing the same appraacisbown in Equa-
tion (2.7). We also find that fou > p,, substituting integration variabl® with v = pisinﬁ gives

S
a numerically more stable estimations of the derivatives for a uniform brigbs@urce:

on o u Y [w-pdu+e)-a0  (WP—pA)(U-0)+40

u (Ups) = ngm V(U+Q)2+4 V(U—Q)2+4 (2.22)
ﬁ(u ) = L}L _uz(uzfpé)(U+Q)74(Qv2p§fu3) uz(uzfpg)(ufQ)+4(Qv2p§+U3) dv '
dpg Ps) = g o U° V(U+Q)2+4 VU-Q)2+4

withU =, /u?—v?p2 andQ = p,v1— V2.
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Chapter 3

Finite-source and finite-lens effects In
astrometric microlensing

This chapter has been publishedeeet al. (2010.

3.1 Abstract

The aim of this paper is to study the astrometric trajectory of microlensing ewéhtsin extended
lens and/or source. We consider not only a dark lens but also a luminwuadevell. We find that the
discontinuous finite-lens trajectoriesTakahash{2003 will become continuous in the finite-source
regime. The point lens (source) approximation alone gives an undem{estimation of the astromet-
ric signal when the size of the lens and source are not negligible. Whilentikentss of the source
is revealed when the lens transits the surface of the source, the finiteidgias is most prominent
when the lens is very close to the source. Astrometric microlensing towar@sathetic bulge, SMC,
and M31 are discussed, which indicate that the finite-lens effect is bependetection limit of cur-
rent instruments. Nevertheless, it is possible to distinguish between selfadm lensing through a
(non)detection of the astrometric ellipse. We also consider the case wkdenthis luminous itself,
as has been observed where a lensing event was followed up witutilde Space TelescapgVe
show that the astrometric signal will be reduced in a luminous-lens scefi&éghysical properties
of the event, such as the lens-source flux ratio, the size of the lens arzk swevertheless can be
derived by fitting the astrometric trajectory.

3.2 Introduction

Most of the microlensing events detected to date are through photometric nranibdithe source
flux. In this case, the information on the physical identity of the lens is refjumecause the only
quantity one can retrieve from the lightcurve is the Einstein timedgalé is defined by the time
required for the source to transit the angular Einstein ra@ius the lens Gould, 2000:

4G mas

b
tg=— = kM k= ~8.14 A1
= e T VI Ky = e
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wherepy is the relative lens-source proper motid#, is the mass of the lensge := AU/(D(;L1 —

D_2) is the relative lens-source paralldd,, andD, are distance to the lens and the source from
the observer, respectively. Equatidhl) shows that the mass, distance, and velocity of the lens are
degenerated inttg.

To better constrain the lens properti¢toget al. (1995, Walker (1995, and Miyamoto & Yoshii
(1995 thus suggested to use astrometric microlensing. That is, to measure tleedcdigiplacement

of the two images during the course of microlensing. Former studies hawa ghat the trajectory

of the centroid displacement will trace out an ellipse, and the size of the alippseportional to the
angular Einstein radius. Therefore, one can deterirthrough the observation of such astrometric
ellipses and constrain the relative lens-source proper mot@ould (1992 has shown that if one

can further measure the microlens paraligx= I(”WE' form the lightcurve distortion induced by
L

the orbital motion of the Earth, the lens madds and the relative lens-source parallgy can be
determined without ambiguity:

M, = e — 6 (3.2)

LT ke el = TEGE. .

The location of the lens can be derived as well if the distance to the sounedliknown, which is
often the case towards the Galactic bulge and Magellanic Clouds.
The typical value of the astrometric microlensing signal for a source in thacabulge and a
0.5 Mg, lens located half way to the source is of order of 0.1 mas, which is much |#angar
the astrometric accuracy of upcoming space missions su&@iMgSpace Interferometry Mission
Allen et al, 1997, GAIA (Global Astrometric Interferometer for Astrophysicd.indegrenet al,,
1994 and ground-based instrumengsg. PRIMA(Phase Referenced Imaging and Micro-arcsecond
Astrometry Quirrenbactet al, 1998. GAIAwill survey the whole sky with sources brighter than 20
magnitudes iV band. It is expected to reach an astrometric accuracy @fe30(150uas) withV <
12 (v < 16) for a single measuremerBélokurov & Evans 2002 and an estimated detection of
1000 events@ominik & Sahy 2000. Unlike GAIA, which only scans the sky with a pre-determined
pattern,SIM can point to selectable targets and thus tracks the ongoing microlensirtgugeenre-
guest. The expected accuracySiMis 5 pas (20uas) forV < 12 (V < 16) with one hour integration
time (Goullioudet al., 2008. While SIM and GAIA are scheduled to launch in the next few years,
PRIMAhas already been installed on the VLT Interferometer and aims at achie€¥ipgslaccuracy
level in 30 minutes integration time provided a reference star within 10 arcgea 200 m baseline
(Delplancke 2008.
In addition to the standard point-source point-lens (PSPL) microlensinglesiegs events re-
vealing an extended source signal have also been observed photattyefiécg. Alcock et al,
1997a Yoo et al,, 2004 Jianget al,, 2004 Cassaret al., 200G Batistaet al., 2009 Yeeet al,, 2009
Zubetal, 2011). Mao & Witt (1998 thus derived the astrometric trajectory of finite-source events
with a point-lens (FSPL). On the other hantgkahashi2003 studied the centroid displacement
of finite-lens effects but assuming a point-source (PSFL). Furtherndg@a (2002 andLeeet al.
(2009 have investigated the combination of finite-source and finite-lens effeStsL() photometri-
cally, but left aside the astrometric aspect. Since the FSFL lightcurve deviate either the PSFL
or FSPL, as shown bjgol (2002, we are motivated to study the astrometric behavior when both
finite-source and finite-lens effects are relevant. There are everi®wbth the source and the lens
are resolved by thelubble Space Telescope (HSThis implies that the lens can also be a star and
implies a luminous lens scenario rather than a dark laleo€k et al., 2001 Koztowski et al., 2007),
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which is also the case for self-lensing. We thus consider the light contnibfrtn the lens star and
study the astrometric behavior by allowing for a luminous lens.

Our paper is organized as following: §3.3 we introduce the theory of astrometric microlensing.
We take into account the FS effects either with a uniform surface brighswmsce or with a more
general surface brightness profile§r8.4. We further include a dark lens with finite size §r3.5.

One might expect not only shadowing but also light contribution from the dsnwell. Therefore, we
allow for a luminous lens i 3.6. The aforementioned properties of the microlensing system can be
estimated by fitting the formula i 3.6. A discussion of possible events with sources located in the
Galactic bulge, SMC and M31 is presented iB.7 followed by a summary ifj 3.8,

3.3 Astrometric trajectory of the lensed images

Let ¢, and ¢, be the angular position of the source and lens, then one can deriveditiemp®)

and the amplificationX) of the two lensed images in the lens plane through the dimensionless im-
pact parameteun := (¢, - ¢, )/6c (seee.g. Hosokaweet al, 1993 Hoget al,, 1995 Walker, 1995
Miyamoto & Yoshii, 1995:

1 1] u?+2
0. == |utVUR+4|0, Ar==-|—"+1 3.3
+ 2[u U+}u, + Z[U i ] (3.3)

whereu = |u| andu = u/u. Note thatf. andu are vectors whilé\, are scalars. The centroid of the
images can be calculated by weighting the position of the two images with their antjgifica

A6, +A 6. 1[ul?+4) .
0 e s S s L 3.4
c,PSPL N LA 2| w22 upu (3.4)
and the centroidal shift relative to the source is:
56 6 )
c,PSPL= bc —U= mu (3.5)

If we neglect the parallax effects, the relative motion between the lensoainckscan be approximated
by rectilinear motion so that

t—t
ut) =4/124+03, 1= ?0, (3.6)

whereuy is the closest approachtgt

The centroidal shift can then be decomposed into components pargligl,td6; pspLx, and perpen-
dicular to tirel, 06 pspLy (see Fig.3.1). One further finds that the centroidal shift actually traces out
an ellipse Walker, 1995

<59c.;sm>2+ <5907PSbPLy—b>2:1’ (3.7)
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Figure 3.1: Centroid shifts for PSPL. Left panel: The trajectory of the-pheage (inblue), minus-
image (inred), centroid of these two images (black), and the lens (imgray) relative to the source
center assuming = 0,tg = 10 days, andp = 0.56¢. Right panel: Centroid displacement for different
values ofug.

wherea andb are the semi-major and semi-minor axis of the ellipse respectively,

a—=

Jiz Peide (3.8)
The trajectory of centroidal shift with different valueswgfis shown in Fig3.1

Taking the derivative of Eq.3(5), one finds that the maximum centroidal shift occurs when+/2

and has an absolute value i = 2—% ~ 0.3536,i.e. about one-third of the angular Einstein radius.
For a source located in the Galactic bulge with a lens of\0.5located half way to the source, the
angular Einstein radius is 732as which is one (two) magnitudes larger than the planned astrometric
accuracy of th&sAIA (SIM) mission even after taking one-third of its value. The maximum values for
the centroidal shifts with halo and self-lensing towards SMC and M31 anersin Fig.3.2

NI

3.4 The Finite Source Effects

For an extended source, the centroid of the two images is obtained by arm&osional integral
of the image position weighted by its amplification over the surface of the s§Watker, 1995
Mao & Witt, 1998:

2 (b [A+6++A6,]S<pis) rdrd g
21 (&S [A, +A_]S<pr—s) rdrdg

whereS(pL) is the source surface-brightness profite, := % is the source radius in units of the
S
angular Einstein ring radius amds the distance to the source center.

u (3.9)

00cFspL=
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Figure 3.2: Maximum values for the centroidal shift versus lens massill&stration, we set the

lens of halo lensing towards SMO{, = 65 kpc) and M31 D, = 770 kpc) to be 15 kpc from the
observer, and 1 kpc in front of the source as self-lensing. We oy she case of halo lensing for
Galactic bulgeD = 8 kpc) assuming the lens is half way to the background source.

For a source with uniform surface brightne’se.(SIpL) is constant all over the surface of the source),
S

the integration over the source surface can be reduced into a one-dimanstegral following the
lens-centered coordinates approach@éet al.(2009. One thus derives the values ®8; FspLx and

06 FspLy

A 1) VA cog9 aa

u=u

6569 — 19 - T,
i BVl 09 (3.10)
SR (1) VP, sin(9+a)dd '
06 FspLy = P — — U,
JoT [0V +4 a:uldﬁ
where the integration boundariesandu, are
{ 0 u<pg
Up =14 ucosd —/p2—u2sitd u>p,Ad <sin (%)
0 u>ps A9 >sin (%)
. (3.11)
ucosd + /p2—u2sitd u<pg
U2 =19 ucosd +./p2—u2sifd u>pAd gsin‘l(p—us)
0 u>p A9 >sin (%)

anda =tan (‘). The relative lens-source configuration and the parameters used(B E-(3.11)
are sketched in Fi3.3
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\4

Figure 3.3: Schematic view of the lens-centered coordinates used in eq(Bali

An example for a FS centroidal shift is shown in F&4 along with the lightcurve in Fig3.5. The
FS effect drives the centroidal shift towards the source centenfall s, and the trajectory becomes
clover-leaf like whenyg is smaller than the source radius (see Big).

We also show the centroidal shifts of a limb-darkened source with an aaenpteer linear limb-
darkening profile Yoo et al,, 2004, that is

(- ef 3 @]

wherer is the distance to the source centgg.is the wavelength-dependent limb-darkening coeffi-
cient. Sis the mean surface brightness of the source. WienO, Eq. .12 gives us a source with
uniform brightness. The trajectory of the centroidal shift by the limb-elaekl sources shows only
small difference from that of the uniform brightness source, as slWwiy. 3.6 and Fig.3.7.

3.5 The Finite Lens Effects

For simplicity, we begin with the case of PSFL. The light from the plus-image witldszured by the
lens if its distance to the lens is smaller than the lens radius. That is, the plus+arsigees when
0. =104 <p (p = %). Similarly, the minus-image vanishes whén = |6_| < p,. Therefore,
the centroidal shift taking into account the lens sizeTak@hashi2003

A 0.0(0.—p)+A 6-0(6-—p)
A.B(8y—p)+A-O(6-—p)

where©(x) is the Heaviside step function. An example for a PSFL centroidal shift is/sho
Fig. 3.4 along with the lightcurve in Fig3.5. The trajectory is composed of two discontinuous
parts: it follows the plus-image trajectory at largeand returns to the PSPL centroidal trajectory at
smalleru. This can be explained as following: When the FL effects sets in, the letobscures
the minus-image because it is always inside the Einstein ring and has smallecelittathe lens

00cpsFL= —u, (3.13)
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Figure 3.4: An example for centroidal shifts of a microlensing event asgumirr 0.1 6, source
radius = 0.56¢ and lens radius = 0.Bz. We show the trajectory of a PSPL (yellow), FSPL (in
greer), PSFL (inred), and FSFL (inblue). Note that thedashed red linendicates the discontinuous
part of the trajectory in a PSFL event.

compared to the plus-image (which is always outside the Einstein ring). Iticaaddhe value of9_
becomes larger for smaller, as we can see from Fi@.1, which brings the trajectory back to the
PSPL centroidal trajectory at smalleifor smallerp . As a consequence, when the size of the lens
increases, the trajectory tends to be more plus-image-like until the lens siazmée so large that it
completely obscures the light even from the plus-image.

Combining Eqg. 8.9) and @.13, we are able to fully consider the FSFL effects,

18158 [ 8,00, ~p ) +A B-0(6.—p ]85 )rdrdp
[ 55 [A0(0. ~p,)+A (68 —p,)]S( 1 )rdrdg

00cFsFL= (3.14)

The result is again shown in Fig.4 along with the lightcurve. The trajectory first follows the PSFL
trajectory at largeu, but, instead of a discontinuous jump, the FS effects is now bending thetdrgjec
towards the FSPL trajectory until it fully becomes the FSPL trajectory at amall

To illustrate the importance of simultaneously including the finiteness of both thefehthe source,
we compare 6. x andd 6.y for the cases of PSPL, FSPL, PSFL, and FSFL in Bi§. When the size
of the lens and the source are both negligible, it is clear that one wouldstiraated 6. by adopting
the PS approximation. On the other hand, taking the PL assumption wouldegtideate the value
of 6.. Another important point is that in the FSFL scenario, one can not detetherlens size by
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Figure 3.5: Centroidal shifts decomposition and lightcurves of a microlenserg assumingg = 0.1

6e, source radius = 0.8z and lens radius = 0.8:. We show the trajectory in the x- and y-direction
(as in Fig.3.1) of a PSPL (inyellow), FSPL (ingreer), PSFL (inred), and FSFL (inblue). We also
show the lightcurve with the magnitude variation relative to the basetipgd. Thevertical dashed
line indicates the time whewm, = p,. Note that the discontinuous part of the trajectory in a PSFL event
is indicated by thelashed red line
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measuring the discontinuities in the trajectory presentetdidiahash{2003 because the FS effect
makes the trajecotrty continuous. One thus needs to use Equatighfor deriving bothp, andp,.

We also show how the limb-darkening changes the centroidal shift on t@gpRS8FL event (see
Fig. 3.6) assuming different values of the limb-darkening coefficiegt In general, the limb-
darkening only slightly modifies the astrometric trajectory. The FS effectsl@mtimb-darkening
are most prominent when the lens transits the surface of the source,iesteddin Fig.3.5 and
Fig. 3.6.

By fitting the centroidal shifts and/or the lightcurve as presented in Figand Fig.3.6, one is
able to constrain the value @f, p, , and the limb-darkening coefficiefit. Events exhibiting FS
effects have been detected photometrically (Algock et al., 19973 Yoo et al,, 2004 Jianget al.,
2004 Cassaret al., 2006 Batistaet al., 2009 Yeeet al, 2009 Zub et al,, 2011), and the information
of p; andls has been retrieved by fitting the lightcurve. Although it is hard to tell the diffee
between the FS and PS lightcurve by eye-inspection, including the F3seffettially dramatically
reduces thg? value for the best-fitted parameters. One can further fit the limb-darkeaogfticient in
different wavelength on top of the FS effects if multi-wavelength obsemvatie available. Practically,
the limb-darkening is relevant when one wants to simultaneously fit photomésenations from
different bands. However, one can not measure the valée directly from the lightcurve and thus
the information of the actual source size is unknowtorow et al. (2000 suggested to deal with this
problem in the other way around. That is, given the color information obthece by photometric
observation, one can apply the relation between the color and the sbrigbéness to obtain the
actual source size if the stellar type of the source is known from the sgeofic observation. Then
the value of6z can be calculated bgg := %. Constraints on the lens mass and distance are also
possible given the information of microlensS parali@x However, inferringde photometrically from
the source size is achievable only if the FS effect can be seen in the lightedrich is the case only
when the lens transits the surface of the source, as discus<eolubg(1994).

The advantage of astrometric microlensing is that the size of the astrometréd sigimoportional

to the value offe. This means one can potentially meas@geor every single event even if the FS
effects in the lightcurve are not prominent. Given the informatioBothe actual size of the lens and
the source arp, andp, multiplied by 6. It is also possible to compare the source size derived from
the astrometric microlensing and from the color to surface brightness relation

We show the FSFL effects for a source of a uniform and a limb-darkeriace brightness profile with
different source and lens sizes in FRy7 to illustrate how the combination of FS and FL influence
the centroidal trajectory. The upper row of F&)7 gives the cases of PL approximation, which are
comparable to the results dfao & Witt (1998. The left column of Fig3.7 shows the cases of PS
approximation comparable to the resultsTakahash{2003.

3.6 The Luminous Lens effects

There are microlensing systems where both the source and the lenssfreddéyHST (Alcock et al.,

2001, Koztowskiet al, 2007). This indicates that the lens might be a luminous foreground star and
thus perturbs the light-centroid during the course of microlensing.

Let us now consider the case where the light contribution from the lens reegéigible and start with

the simple PSPL case. When the source is lensed by a point luminous lerd_JP® centroid
becomes the sum of the position multiplied by the flux of the two images and the lenthevtotal
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Figure 3.6: Centroidal shifts decomposition and lightcurves of a microlenserg assumingg = 0.1

6e, source radius = 0.8z and lens radius = 0.8:. We show the trajectory in the x- and y-direction
(as in Fig.3.1) of a uniform brightness source (black), a limb-darkened source withs = 0.4 (in
cyan andls = 0.8 (inred). We also show the lightcurve with the magnitude variation relative to the
baseline ifwasd. Thevertical dashed linendicates the time whew = p..
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centroidal shifts of a limb—darkened source
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Figure 3.7: Centroid shifts in the presence of FS and FL effects forkdeias. \We show the examples
for a PSPL (inyellow), FSFL with a uniform surface brightness sourcelfiack) and with a limb-
darkened source (ioyan s = 0.4 and inred: I's = 0.8) assumingip = 0.5 6= and with the sizes of
the source and the lens varying from @3to 1.36z. The dashed lines in the plots wifla/ 6z = 0.0
show the discontinuity in the trajectories for the PSFL cases. The dotted line RSthe with 6, /6

= 1.3 indicates the trajectory when the lens totally obscures both the plus- ans-imiage.
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one. Furthermore, the reference point for the centroid shift is no tothgesource center, but the
flux center between the un-lensed source and the lens inedeértet al., 1998 Jeonget al., 1999
Dominik & Sahy 2000:

A6 +A B +f.B U

3.15
AcA + 1 1+ (519

06cpspLL=

wheref , = I—L is the flux ratio between the lens and source énds the position of the lens on
the lens pIanSe. Here thg, 6. term vanishes benefiting from the advantage of the lens-centered
coordinates. For the case of FSFL, one just needs to modify the fitstfpag. 3.15 by putting in

the FL criteria of Eq. 8.13 and performing the integration over the source surface as3£r) for a
uniform brightness source or E@.9) for a more general source brightness profile, that is,

J2 j5S (AL 6+@(6+—pL)+A_9_O(9_—pL)]S(i)rdrd(p +1400 u

00cFsFLL = o P r — s - (3.16)
J5" Jo [A+e(e+pr)+A,o(e;pL)]s(§)rdrdgo +f g Ls

Here we illustrate the influence of the luminous lens effects on the centrdiidisl @nd lightcurve)

on top of a FSFL event in Fig.8. Since the limb-darkening only slightly modifies the trajectory as

shown in Fig.3.6, we demonstrate the luminous lens effects in the FSFL regime assuming a uniform

brightness source in Fi§.8 We show the luminous lens effects with various values for an apparent

magnitude difference between the lens and source

AmLs =m —mg= _2'5|0910( fLS)' (3-17)

For illustrational purpose, we show the luminous lens effects on top of thé f8 different sizes of

the lens and the source in Fig§.9. When the lens is getting brighter, the trajectory becomes smaller
and rounder. The signal of centroidal shift is thus reduced for ecedalended by a luminous lens.
The case of a PSPL events with luminous lens in Bi§.(upper-left corner) is comparable to the
results ofJeonget al. (1999. Note that for the PSFL whep = 1.3 (lower-left corner), the trajectory
vanishes whep,_ > 6, for the dark lens casdlack dotted ling but follows the trajectory of the lens
for luminous lens cases.

Since Eq. 8.16 gives us the full consideration of the FSFL effects with the brightnesiseofource
and lens (note that we only need to consider the flux ratio between the ldrih@asource, so the
limb-darkening effects of the lens does not need to be taken into accouet)s able to derive the
information of p, I's, p_, and f ¢ by fitting the centroidal shifts. In principle one can fit both the
centroidal shifts and the lightcurve, to utilize both the astrometric and photom@ienation and
thus to have a better constrain on the events parameters iBH®). ( Once the aforementioned
parameters are all well determined, we can use the valég tf derive both the size of the lens and
the source. We can also derive the mass of the lens as shown iB8.Bqgien the information of

the microlens parallaxE. The distance to the lens is also available if the distance to the source is
well-known, e.qg. if the source is located in the Galactic bulge or Magellanic Clouds, which is often
the case for the current microlensing surveys. In these cases, veblaréo estimate the physical
parameters of the whole microlensing systems.
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Figure 3.8: Centroidal shifts decomposition and lightcurves of a microlenserg assumingg = 0.1
6e, source radius = 0.8z and lens radius = 0.8:. We show the trajectory in the x- and y-direction
(as in Fig.3.1) of a bright lens withAm ¢ = -2 (in blue), 0 (ingray), 2 (in greer) and with a dark lens
(in blacK). We also show the lightcurve with the magnitude variation relative to the bageliineg).
Thevertical dashed linéndicates the time whew = p,.
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centroidal shifts of a bright lens
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Figure 3.9: Centroid shifts in the presence of FS and FL effects for a lwsilems. We show the
examples for a PSPL (ipellow), FSFL withAm ¢ = -2 (in blue), O (in gray), 2 (in greer) and with a
dark lens (irblacK) assumingiy = 0.5 6z and with the sizes of the source and the lens varying from 0.3
6c to 1.36:. The dashed lines in the plots wiélg/ 6 = 0.0 show the discontinuity in the trajectories
for the PSFL cases. The dotted lines in the PSFL 8jtf\6= = 1.3 indicates the trajectory when the
lens totally obscures both the plus- and minus-image.
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Figure 3.10: First row:6e as a function oD, assuming the source located in the Galactic bulge
(Dos = 8 kpc), SMC D = 65 kpc), and M31D,, = 770 kpc). Second and third rovés/ 6 and
6L /6t as a function of the lens distance assuniifjg= 0.5M,.

3.7 Observational Feasibility

In this section we consider the astrometric events towards the Galactic bM@eai®d M31 assuming
D =8, 65, and 770 kpc, respectively. We substidte/D_ = xinto Eq. 3.1), which then becomes

4GM, (1
O — L(=-1) . 3.18
oo, (Y 69

Therefore 6e is smaller for a source located at larger distance and is smaller for largeditance
given the same source location (see upper panels irBHig).
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Table 3.1:D,, (D, — D, )/Ds for several astrophysical objects.

Name RadiusR.) Mass M) B—g;(DOS —D,,)
Sun 1. 1. 551 AU
Jupiter 0.1 0.001 5610° AU
Earth 0.009 %106 1.5x10* AU
Brown dwarf 0.1 0.05 110 AU
White dwarf 0.009 1. 0.045 AU
Neutron star 2.810°° 1.4  3.1x107 AU
Black hole 4.%10°° 10. 9.9x10°8 AU
Test case 10. 0.5 14A10° AU

Equation 8.18 also implies that the halo lensing events have larger Einstein radii than issifide
events for a given lens mass. For instance, halo lensing events towd(isvih D, = 15 kpc and
M, = 1 Mg mass will induce an astrometric signal wih = 645uas, which is one order of magnitude
larger than for self-lensing events (fis atD, = 64 kpc). Thus we are able to distinguish halo and
self-lensing events by the size of the astrometric ellipse.

The FS effects play an important role whesn< p,, which is often the case whan < 1 (Gould
1994). However, such a configuration leads to a smaller centroidal shifb(@srsin Fig.3.1) and is
thus very challenging to distinguish between the PSPL and FSPL trajectbsessationally.

FL effects are prominent whep is close to and larger than unity (as shown in Bg). We thus
calculatep, by dividing the angular lens radids by 6 (see the lower panel in Fi§.10. Becausé,

is proportional to 1x while 6 is a function of,/1/x— 1, p, is actually a function ofx(1 — x))~%/2.
We would expect to see the FL effects when the lens is located either closedbgarverX ~ 0) or

to the sourceX~ 1). By equatingd, to 6g, we have

D, R?c?
oD .-D.)= . 3.19
DOS( 0s~ Do) AGM, (3.19)

The left-hand side of this equation gives us the information on the locatiore ¢étis to have promi-
nent FL effectsAgol, 2002. If the lens is very close to the observer such gt < D, Eq. 3.19
gives us an upper limit dd,, so that for lenses beyond this value, the FL effect is not prominent. On
the other hand, if the lens is very close to the source sdifjat: D, then Eq. 8.19 actually gives

us a maximum separation between the lens and the source in order to havegtigible FL effects.
The value oD, (D,s — D, )/Ds for several astrophysical objects are given in Téble

We then calculate the maximum centroid deviation versus lens distance foisteafePSPL, PSFL,
FSPL, and FSFL assuming that a source oRL0s amplified by a lens of 0.8, and 10R., with the
minimum lens-source separation projected onto the sky to bedg.0Because there are only small
differences between PSPL, PSFL, FSPL, and FSFL, we only showageeaf PSPL in Fig3.11

To see how much the FL trajectory deviates from that of PL and the influeoceFS, we further
calculate the maximum difference between the PSPL, PSFL, and FSFL tregecba given time.
The result is shown in Fi@.11for a lens withAm ¢ = 2, 0, -2 and a dark lens. The FSFL only shows
small difference to that of PSFL and PSPL. The difference is less tharad for the case of Galactic
bulge, and even smaller tharnuhs for the more distant source in the SMC and M31. This is because
the FL effect is important only when the lens is extremely close to the obsertlee source and the
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Figure 3.11: First row: Maximum centroidal shifts as a functiofbgf assuming the source located
in the Galactic bulgel¥,, = 8 kpc), SMC D, = 65 kpc), and M31D,, = 770 kpc) in PSPL. Second
row: Maximum deviation between the PSFL and PSPL trajectories as a fuiétiba lens location
(1—x), wherex=D,, /D.. Third row: Maximum deviation between the FSFL and PSPL trajectories.
Fourth row: Maximum deviation between the FSFL and PSFL trajectories.sgéevauy = 0.05 6,

te = 10 daysM, = 0.5M, R. = 10R;, andRs = 10R.,. Here we show the cases of a luminous lens
with Am ¢ = 2 (in dashed, O (in dotted, -2 (in dash-dotteyl and a dark lens (isolid).
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Figure 3.12: Astrometric trajectory of the SMC microlensing event MACHEB®FC-1 withtg =
123.5 days andip = 0.4268246=. We show the case when the lens is located in the Galactic halo
(upper panels) and in SMC (lower panels). We assume the lendVis and the size of the lens
and the source are assumed to be 1, 5, an&J,0respectively. The color convention is the same
as Fig.3.4. We calculate the theoretical trajectory within a time intervathef 1000 days. We then
simulate the measurements M, with a sampling rate of every 90 days spanningtfar 1 year

and 30uas error in both x and y direction. The dashed square in the halo lensieg oatlines the
dimension showed in the self-lensing regime.

major difference between FSFL and PSPL or PSFL comes from the firstendse source. Sinag

is larger tharnp, for most of the time, the FS effect only slightly changes the astrometric trayector
Even when the lens is extremely close to the source (se&Hit), the already reducef: makes the
difference so small that it is hardly observable.

In order to test if the astrometric signal is observable towards SMC, we gs#nila astrometric
trajectory of MACHO-97-SMC-1Alcock et al,, 1997h. This event has baseline magnitide 17.7,

so it will take SIM ~ 3 hours to reach 3@ras accuracyGoullioudet al, 2008. We thus simulate
observations bysIM assuming the measurement errors to be Gaussian distributiorowitBO p1as.
We put the lens at a distance of 15 kpc and 64 kpc corresponding toltharithself-lensing scenario
towards SMC. We then assign a putative finite-size of 1, 5, arid.1® the lens and the source. The
mass of the lens is set to béVL,. From Fig.3.12we can see that if the lens is in the Galactic halo, we
are able to detect the astrometric signal because of the very@arddowever, the finite-size of the
source and the lens is not revealed in such a close lens. On the othethe®R& and FL effects are
prominent in the self-lensing regime due to the snfall But the astrometric trajectory is too small
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to be constrained by current instruments, not to mention to disentangle InettveeBSPL and FSPL
or PSFL. Nevertheless, it is still possible to use the (non)detection of tlueretric ellipse to infer if
the lens is in the Galactic halo or it is a self-lensing event towards SMC.

We also considered the possibility to detect the astrometric trajectory frammdrioased instruments
such a®RIMAfor VLTI. PRIMAcan determine the astrometry to i@s level in 30 minutes provided
a reference star within 10 arcsec and a 200 m baseline (ATs mode) oahef@RIMAIs to perform
astrometric measurement for a target as faint as 18 (15) mag with UTs pidgided a 13 (10)
mag reference star ik band Delplancke 2008. There is a bright stal( = 10.28) in the vicinity
of MACHO-97-SMC-1 (separated at 30.4 arcsec), so theoretically uldvbe possible to obtain 30
pas accuracy in astrometric measurements within one hour with the UTs (138atimieq However,
for the two stars separated by 20 arcsec, there is already 90% redinctianinterferometric fringe
visibility. Thus it would be very challenging to conduct such measuremewbutd be very difficult
to routinely measure the astrometry towards SMC/LMC vRIMAbecause most of the single lens
events in the Magellanic Clouds (14 out of 15, except MACHO-97-SNi@ale sources fainter than
19 maginV (1inAlcock et al, 1997k 12 inAlcock et al, 200Q 1 in Tisseranckt al,, 2007, which is
the same afélcock et al, 19970 and 2 inWyrzykowskiet al,, 2009.

To perform astrometric measurements for microlensing events towards M#yasd the limit of
bothPRIMA andSIM since the sources in M31 are too faint (geg. Riffeseret. al, in preparation,
and reference therein).

3.8 Conclusion

We have studied the astrometric aspects of microlensing by simultaneouslyiigetbid FS and FL
effects. Our results show that the astrometric signal is under- or gtienaded by assuming PL or PS,
respectively. While the FS effect is prominent when the lens transits tfecewf the source, the FL
effect is revealed when the lens is very close to the source, which weduidtbe self-lensing regime.
In the context of the self-lensing scenario, where a background siamsed by a foreground star,
the light contribution from the lens is in general not negligible. We thus censite luminous lens
scenario, which attenuates the signal of the centroidal displacement.mistio trajectories with a
source located in the Galactic bulge, SMC, and M31 are discussed, Winiattlsatos of halo lensing
events is at least one order of magnitude larger than that of self-lensgig@and M31. Our results
also indicate that the finiteness of the lens is more likely to be revealed in thiersgilig scenario
towards distant source located in Magellanic Clouds or M31, although itysficult to distinguish
between PL and FL with current instruments.
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CHAPTER 3. FINITE-SOURCE AND FINITE-LENS EFFECTS IN ASTRGMRIC
MICROLENSING




Chapter 4

Properties of Andromeda galaxy (M31)

M31 halo

Far side

M31 disk

o

v

Near side

* Observer
Figure 4.1: A schematic view of M31 as seen from an observer on Earth.

The Andromeda galaxy (M31), a SA(s)b type spiral galakg Yaucouleurst al,, 1991 at a distance

of 770 kpc Madore & Freedmarl991)), is the twin galaxy of our Milky Way. Because of its proxim-
ity and similarity to our Galaxy, M31 is a good candidate for microlensing expeaitirie explore the
halo content of spiral galaxies. The M31 disk is inclined by about 7 7esiValterbos & Kennicuft
1987 along the line of sight. The line of sight to stars in the far side of the disk fihrergpasses
through a higher line-of-sight projected dark matter halo density (seedFly. If part of this dark
matter is composed of MACHOs, microlensing will be more likely towards the farafidhe disk. In
fact, it has first been noted §rotts (1992 that the detection of an asymmetry of the microlensing
event rate between the far and near side is one signuature for a MA@#CQzomponent. To quanti-
tatively interpret the microlensing events towards M31, we require therstaaheling of properties of
M31, e.g. surface brightness profile (see H@), extinction, stellar population, etc.. The dependen-
cies of the event rate on these quantities can be seen in the equationl tgrRiffeseret al. (2006.
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This equation describes the contribution to the total event rate in terms dfleeation &,y) on the
plane of sky, in terms dfwnm Of the event, ther(- i) color ¢ of the event and flux excegs at light
curve maximum.

d5r (xy, A E < te <
i 3% s J (M) J P-4/, [ 1s(x,y, Doy

4.1)

Dy uj
x| & [ P(xY, Do) Re® py () dDoi + Q% p(x,y, D) RE® [ py (V) Y*?duy| dDosd. dM.
0 0

The sums oves and| extend over all source and lens components of M31 (bulge and diskcatars
serve as sources to be lensed and as lenses, the unknown halo MA@HIrEnNt acts as lenses
only). On the right hand side of this equation is the stellar and MACHO massidur€ (M) (which
itself is normalized tg £ (M)MdM = 1; seeBinney & Tremaing1987), p. 747). If the event rates are
well measured and detection efficiencies are known, and if the remainamgities on the right hand
side are known¢ (M) can be determined in particular for the bulge stars and for the halo MACHO
component. The remaining quantities are definied by the M31 model undsidecation and they
are: i) pemd(-#,€), the color-magnitude relations of stars; fi)x,y, D), the line-of-sight spatial
density of sources at positior,§) on the plane of sky and at a distaridg,. This can be constrained
by the observed light of the stellar population (see Fig3). iii) p(x,y,D,, ), the mass density of
lenses at positiorx(y) on the sky and at a distang, . This depends on the dynamical model under
considration; iv) the Einstein radidg&: (as definied in Chaptet) is a combination of the mass of
the lens and the relative distance between the observer, lens and;sgup;év:), the transversal
projected lens-source velocity probability at veloaity Equation 4.1) includes events under point-
source and finite-source regimes simultaneously. In the bracket dfi@gud.l), the first term deals
with point-source events, i.e. whep > p; ~ R.D, (2ReD,) (see equations. [65] and [66] in
Riffeseret al. (2000). In this equatiorp, is the size of the source star in units of the Einstein radius
The second term takes into account the extended nature of the souzagseVi67] inRiffeseret al.
(2006 whenugp < p,. For clarity, functions related to the finiteness of the souRg&.¢7,%)) are
marked with *%”.

Equation 4.1) contains the following functions:

o = [2Ag(az-12-2]"

2 (Ao+1)¥2—Ao(Ro+3)"/2
Yilr/Fotl) = YA = 2\/u<%) ~utho)? = VBl et

1/2

Ao-+(Ao?—1)1/2] 2 [(Ag+1)¥2—Ao(Ag+3)¥/2] .
Wit Fo+1) = |48 v2(ag) = ava BT AR i1,
-1 . 2
D5(Re,Dos M 4F Fo,) = Dog (1+2°ZE2) 7 with = 2658M;

1/2 1/2
" R.Dg )2 ith:
U(RDo:DossM) = $2[1+ ()| —2¢ with;

d

D5, (4F)
dar

Q*(OF,Do, Fo,M,R,) = ‘ = 2CD? (Fo+ 4F ) [CDos + 4 (2F0 + 4 )] 2,

20Ag+1 . 2ReDyg ) 2.

Y*(U,Re. Do . DossM) = Zi%‘z‘uf with A5 =1+ (")
Vt(DOL7DOS7M7tFWHM7AF7FO) = tF\%EM Y;
V{ (Ug, Dg , Do, M trwhim, Re) = Y
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Figure 4.2: M31 surface brightness (SFB) profile derived from SB®8nd data byfempelet al.
(2011). The black solid line is the SFB measured from the SDSS data. They alstateen model for
SFB (red solid line) and give the individual components contribute to the (8&&hed line). Upper
panel shows the SFB along the major axis of M31, while the lower panel isRBeaf®ng the minor
axis.



54 CHAPTER 4. PROPERTIES OF ANDROMEDA GALAXY (M31)

logio N(>0 mag) [arcsec™?] = (-3, -2.5, ... ,2)
1T 1 1T T 1T T 1 1 11T

logio N(>0 mag) [arcsec™?] = (-1.4, -1.2, ... ,1)
40 L e e e s ) S AL

40

y [arcmin]
y [arcmin]

L T N N N —-40L— 1 1 I
-40 -30 -20 -10 0 10 20 30 40 -40 -30 -20 -10 O
X [arcmin] x [arcmin]

-40

Il Il Il
10 20 30 40

Figure 4.3: Number density (N) of the bulge staeft] and the disk stargi@ht) with the absolute
magnitude # brighter than 0 mag in units of stars per arésdthe contours demonstrate the value of
dZN/(dxd)b{%,R<0 =/°, 5> ®(R) ns(x,y, Dos) dD,. d.#r with the interval listed above the figure.

It is obtained from the number density and luminosity functions of the bulgedaskdof M31. The
dashed contour indicates lgfN = 1 and implies that even giant stars in the center of M31 are not
resolvable for most of the ground-based observatories. The $712.2 field of view of the WeCAPP
campaign is outlined by a box. Adopted frdRiffeseret al. (20086.

All ingredients - dynamical model, stellar population model and dust extincti@ve been known
to some degree for M31 alreadiddnt (1989; McElroy (1983; Hodge & Lee(1988; Xu & Helou
(1996). To improve these models we have taken and analyzed spectra of theug&lwithin our
group. The work led by R. P. Sagli&dgliaet al, 2010 has shown that the M31 bulge is a factor
of 2 more massive than previously estimated. It is old12 Gyr) and it is of solar metallicity and
slightly a-element overabundantq[Fe] ~ 0.2). The very same data will be taken as well to derive a
improved M31 dynamical model.

The equation 4.1) demonstrates that for a quantitative microlensing analysis the density kmctywe
distribution of stars and dark matter test particles (MACHOS) have to be knamd that also the
stellar population content (color-magnitude diagram of source starspSgmurce stars) has to be
known. This is also the case for extinction by dust, because it makes theenofrdiars that produce
the observed combined stellar luminosity larger than estimated without extinctibit,dso dimms

a microlensing event.

Finally, our group has also analyzed Spitzer, GALEX and SDSS M31 datartstrain the dust
properties and derive extinction maps along the M31 line of sight. The refstliis work led by M.
Montalto (Montaltoet al,, 2009 are:

e The mean intensity of the radiation , which is typically below two times the value in the so
neighborhood.

e Although the dust maddy,stis only weakly constrained by the infrared spectrum due to a lack
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of submillimeter observations, we derive a lower limitMf,st < 1.1 x 10’M., with a best-fit
model value of 7.6<10'M..

e In 83% of the regions analyzed across the 10 kpc ring, the dust absmie than 50% of the
energy att > 4000A and it appears to be mainly heated by populations a few Gyr old.

e The attenuation varies radially and reaches a maximum near 10 kpc. éedesrmore rapidly
as a function of the radius in the inner regions of M31 than in the outer region

e An attenuation map of M31 has been produced an applied to $D&&d image (see Fid..4).

EREHR (IREN LU TR

Figure 4.4: Upper panel: SDSShand image without correction of extinction. Lower panel: SDSS
i’-band image deredenned with extinction mapNgntaltoet al. (2009. The colorbar indicates the
logarithmic intensity levels in the units of Jansky. The resolution of the imagegpsél. Adapted
from Montaltoet al. (2009.

My main contribution to this work was to recalibrate public SDSS M31 data photaalkdyr The
images from SDSS are obtained in two scans, each containing six columiaDs, @iving a total
number of 12 scanlines parallel to the major axis of M31. We use the 55caoeselapping area
among the scanlines and bring all the images to the same photometric basigher funalysis.
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Figure 4.5: Upper panel: SDS$-band image before photometric alignment for the different drift
scan runs. Lower panel: SD$Shand image after photometric alignment for the different drift scan
runs.



Chapter 5

The Wendelstein Calar Alto Pixellensing
Project (WeCAPP): the M31 Nova
catalogue

This chapter, except appendix C, has been submitted to A&& ¢t al, 2011 submitteld

5.1 Abstract

We present light curves from the novae detected in the long-term, M31 miagitdfe CAPP project.
The goal of WeCAPP is to constrain the compact dark matter fraction of tHehdi® with microlens-
ing observations. As a by product we have detected 90 novae bené&iiimghe high cadence and
highly sensitive difference imaging technique required for pixellensing thUs can now present
the largest CCD and optical filters based nova light curve sample uptéaalmards M31. We also
obtained thorough coverage of the light curve before and after thi@nuthanks to the long-term
monitoring. We apply the nova taxonomy proposed by Strope et al. (2000) toova candidates and
found 29 S-class novae, 10 C-class novae, 2 O-class novae adldgsova. We have investigated
the universal decline law advocated by Hachichu and Kato (2006) o8-thass novae. In addition,
we correlated our catalogue with the literature and found 4 potential sdunovae. Part of our
catalogue has been used to search for optical counter-parts of thessifpX-ray sources detected
in M31 (Pietsch et al. 2005). Optical surveys like WeCAPP, and codetinaith multi-wavelength
observation, will continue to shed light on the underlying physical mecimaaisiovae in the future.

5.2 Introduction

Classical novae span a subclass of cataclysmic variables, consistinghiteadwarf which interacts
with a late-type companion star. The companion loses its mass through Roelm/éfiow, forming
an accretion disk around the white dwarf. The mass transfer from thearoampinduces thermo-
nuclear runaway (TNR) onto the surface of the white dwarf, which léatise nova eruption.

Novae are important in several aspects. First of all, they have the poterg@ave as standard candles
of extra-galactic distance indication. This is due to the relation between the maxXumuinosity of
the light curve and the rate of declingdubble (1929 first noticed that brighter novae are prone
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to steeper decline. The empirical ‘Maximum Magnitude versus Rate of De(NRD) relation
was further investigated ¥wicky (1936 and studied quantitatively hylclaughlin (1945 andArp
(1956. The theoretical foundation for MMRD relation is laid down Byara(1981) and further
revised byLivio (1992.

Novae do also shed light on the underlying stellar population of the envinotnmieor example,
della Valle & Livio (1995 point out that fast novady(< 12 days) are related to stars belonging to
Population | with relatively massive white dwarfs, while slow novae arecatsal to Population Il
stars and have less massive white dwarfs.

In addition, novae play a role in the galactic abundances. Novae havecbesidered as major
sources of galacti¢3C, 1N and'’0, and minor contributors téLi, °F and?%Al. However, novae
hardly contribute to the overall galactic metallicity compared to supernovaé&s@ #tars, because
only 104 to 10°M,, are ejected per nova outburdbé & Hernanz 2007).

Recurrent novae are also regarded as possible supernovaeifmpogendidates (see e.gSchaefer
201Q and reference therein.). The fundamental question is whether eaturovae accumulate
enough mass onto the central white dwarf envelope and turn into superpoegenitors even after
several novae explosions.

Last but not the least, novae are main contributors to the class of supet-sy sources (SSS).
Pietschet al. (2005 searched for X-ray counterparts of the optical novae in M31, andddhat

novae are major sources of soft X-ray emission. The SSS phasemadepus with information on
the white dwarf mass, the ejected and burned mass in the outbur®Rigseh 2010.

Due to the interstellar extinction in the Galactic disk, we can only observe a smetioh of the
Galactic novae that erupt each ye8hafter 1997. Thus, we need to take into account rather large
(and likely uncertain) corrections for incompleteness when determiningptitbak distribution or
estimation of the Galactic nova rate. In such case, M31 is an ideal targehfmrae survey because
novae are still bright enough to be observeg & 20 mag) and it is possible to cover the entire M31
galaxy within several pointings.

Novae monitoring campaigns towards M31 can be dated back to the pionerikgone by Hubble
in 1920s Hubblg 1929.

A list of all the campaigns with published novae in M31 that we are aware ¢fowis in Table5.2,
with most of the data compiled hafter & Irby(2001) andDarnleyet al. (2004).

Despite the extensive search towards M31, most of previous studiesonév sparse observations
and thus make the analysis of nova light curve rather difficult. Our WeGg#BJect is dedicated to
monitoring M31 with upto daily sampling for a duration of 11 years. The use offiilers R and
I-band) for the novae observations partly compensates for not has@than Hr filter as it was done

in previous studies. Instead of observing the strength we least can measure the color evolution of
the novae.

This paper is organized as following. In Sé&c3we describe the observations and data reduction. In
Sec. 5.4 we present our novae detection algorithm. In SB& we categorize our nova candidates
according to the classification schemeStfopeet al. (2010. We apply the power-law decline pro-
posed by Hachisu & Kato(2006 to fit the smooth class light curves in Se&5.1 Novae showing
cusp, oscillation or jitter features in their light curves are presented in 38c2- Sec. 5.5.4 We
then correlate our nova candidates with literature to search for retunogae in Sec5.6 and end
the paper with the conclusions in Sét7. All the light curves in our catalogue are presented in the
Appendix.
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Table 5.1: Principal M31 classical nova surveys

Author(s)/Project  Epoch Filter(s) Detector Novae #fyr Reference(s)
Hubble 1909-1927 B Plates 85 ~30 Hubble(1929
Arp 1953-1954 B Plates 30 244  Arp (1956
Rosinoet al. 1955-1986 B Plates 142 - Rosino(1964 1973
Rosinoet al. (1989
Ciardulloet al. 1982-1986 B,k CCD 40 - Ciardulloet al. (1987 1990
Sharov & Alksins 1969-1989 B Plates 21 - Sharov & Alksnis(1991)
Tomaney & Shafter 1987-1989 oH CCD 9 - Tomaney & Shaftef1992
Shafter & Irby 1990-1997 H CCD 72 373%  Shafter & Irby(2000)
Rectoret al. 1995-1999 H CCD 44 - Rectoret al. (1999hH
AGAPE 1994-1996 R | CCD 12 - Ansariet al. (2009
POINT-AGAPE 1999-2002 r’,i’,gd CCD 20 65 }g Darnleyet al. (2006
NMS 2001-2002 R I CCD 2 - Joshiet al. (2004
WeCAPP 1997-2008 R/ CCD 90 - This work

5.3 Observations and Data Reduction

The WeCAPP projectRiffeseret al,, 200]) was a dedicated survey to search for microlensing events
towards our neighboring galaxy M31. We continuously monitored the buid43d (when it was
visible, when the weather was cooperative and when there was awvet)smtween September 1997
and March 2008 using the 0.8 m telescope of the Wendelstein Observatatgddn the Bavarian
Alps. The data was taken optimally on a daily basis in Betand| filters with a field of view of
8.3 x 8'.3. From June 1999 to February 2002 we further extended oungigms with the 1.23 m
(17°.2 x 17'.2 FOV) telescope of the Calar Alto Observatory in Spain.

The data volume and quality of the four pointings (F1, F2, F3, F4) drastiddfilsrs during the 11
seasons.

A detailed overview of the data is given in Riffeser et. al. (in prep.).

To quantify a realistic time sampling of the survey we define “good quality datagi@s data points
with PSF fluxes with an error below®x 10-°Jy. In Fig.5.1we show for every night the fractional
area of pixels with errors below this limit. 0% indicates we have no observadioizg the night.
Fig.5.2shows the spatial variation of the fraction of all data with flux errors bel@afltix error limit
averaged over 11 seasons. It demonstrates that we expect mostnaivae in field F1 and fewer in
the fields F2, F3, and F4. The field F1 was observed much more freqtieatliyhe other one because
it is the subfield with highest lensing probability.

The data was then reduced by our customized pipeline MUPIPEG$ss! & Riffeser 2002, which
performs CCD reduction, position alignment, photometric alignment, frame stpakid difference
imaging following the algorithm oflard & Lupton (1998.

After the difference imaging, we perform PSF photometry on each pixellawss. First, we extracted
the PSF from several isolated, bright and unsaturated referense gtaen we fit this PSF to all
variable sources. Finally, we integrate the count rates over the area Bk to determine the flux
of the source.

The results of the project are presentedRiffeseret al. (2003 2008 and partially contributed to
Calchi Novatiet al.(2010. In addition to the original microlensing targets, the intensive observations
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Figure 5.1: Fraction of good quality data points iaveraged over the survey area. The definition of
good quality is given in the text. The vertical grey zones indicate the time wtdnid/nhot observable
from the location of the telescopes during May and June). 0% indicatesaveerfo observations
during the night.

in two bands also yields more than 20,000 variables in the bulge of A1 ét al., 2006 and the
nova candidates presented in this paper.

5.4 Nova detection

To establish an automatic detection for nova candidates, we apply the folloviteiga for candidates
selection based on the measuRedand PSF flux (as mentioned in Sectmf):

e The significance for variability must be @Orelative to the baseline and the measured flux
excess of the variable source must be a local maximum around neighdppixeis at a given
time step. Note thad throughout this paper refers to the errors of the individual PSF flages
measurements.

e The variable source must have a measured flux excess larger thadra Jy in R-band (corre-
sponding tang = -2.5 Iog(‘%:;?y) ~ 19.7 mag, withFyegar = 3060 Jy being the flux of Vega
in theR-band) and the first measurement after the measured maximum flux excedsaveela
flux excess> 2 x 107° Jy.

e To use the eruptive nature of novae, we define the streswjtthe outburst:

A Fmax/amax‘|‘ A I:maerl/ max+1
l/amax+ 1/ max+1

(5.1)
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whereAFnaxis the measured maximum flux excess relative to the reference imagd-aagd, 1
is the first measurement after the measured maximum flux excesgimkhandomax. 1 are the
errors in the measurements of the flux excess. We regquird.6 x 10-° Jy nova detection.

e To avoid false contamination from periodically varying sources, we défiseasymmetrya
between positive and negative outliers in the light curve relative to thdibase

_ Number of data points withF > 50 B
~ Number of data points withF < —50

(5.2)

This quantitya is useful in filtering out normal variable sources, which have 0, while the
eruptive nature of novae lead g0 >> 1. We empirically requira to be larger than 4.7 to be
suitable for nova detection.

e We than apply a special mask to filter false detections around bright stpes;ially spikes.

e After the masking, we apply a group algorithm to find multiple pixel detectionsecing to
the same nova candidate in different time steps.

e In the last step, we inspect the difference images and light curves b egake sure that no
image artefact escapes our detection and is misinterpreted as a nova.

We combine the criteria 1-4 into one single step. The detections filtered oatchyséeps are shown
in Table.5.2

Table 5.2: Detection criteria for nova candidates

Criterion Number
Full light curves 4043256
Local flux maximum &s >4.6x 1075Jy &a>4.7 1005
Masking of bright stars 156
Grouping 105
Inspection by eye 90

Among the nova candidates, 24 are discovered by WeCAPP projeceféirghtime, while 5 of them

are known but were not officially published and can be found on theT¢BA Extragalactic Novae
webpages. The rest of the nova candidates are published and camnlgeiri the literature, see e.g.
Pietschet al. (2007); Pietsch(20103. The positions and light curves of these 90 novae can be found
in Table5.3and in the Appendix.

1 M31 (Apparent) Novae Page, http://www.cfa.harvard.edu/iau/CRISIL.html|
2 www.rochesterastronomy.org/novae.html
3 An up-to-date online-version of the catalog can be found at http://wwwrmug de~-m31novae/opt/m31/index.php
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Fraction of good quality images suitable for nova detection
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Figure 5.2: Fraction of good quality data pointgiqy) averaged over time The definition of good
quality is given in the text. The low fraction in the central part is caused byitje noise of M31
itself.
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Figure 5.3: Distribution of the WeCAPP nova candidates. The overlayingansg three-color-
combined image using the observations obtained from Calar Alto obsenrgaitokie R and|-band.
The image has a size of 17:217.2.



Table 5.3: WeCAPP nova catalogue

Name RA(2000) Dec(2000) tmax Atnax  Class CBAT Discovery (and light curve) X-ray Spec.
naming reference(s) obs. obs.
NO1 00:43:05.37 41:14:59.2 745.52 29.01 Unclassified 1997-10e 19BvShafter & Irby(2001)
NO2 00:42:52.35 41:16:13.2 750.45 33.95 Unclassified 1997-10f 19973@after & Irby(2001)
NO3 00:42:42.13 41:15:10.4 753.55 37.05 Unclassified 1997-11a 19BvShafter & Irby(200) PO7
H10A,H10B
NO4 00:42:21.76 41:12:16.2 753.55 37.05 Unclassified 1997-10c 198vSafter & Irby(2001)
NO5 00:42:46.64 41:14:49.2 1109.48 243.19 Unclassified 1998-09d 1416, 8Bharovet al. (2000 Fell, S11
NO6 00:42:49.65 41:16:06.5 1251.30 2.00 Unclassified 1999-02a
NO7 00:42:49.69 41:15:05.6 1359.55 0.93 Cusp 1999-06a IAUC 7218/BB88 inAn et al. (2009 Fell, S11
NO8 00:43:01.85 41:15:38.4 1372.62 1.01 Smooth 1999-0ORkctoret al. (19993
NO9 00:42:30.11 41:15:27.3 1719.62 553.15 Unclassified 2000-06a
N10 00:42:46.75 41:12:51.9 1726.63 1.00 Cusp 2000-0Bletschet al. (2007
N11 00:42:43.97 41:17:55.5 1754.64 18.01 Oscillation 2000-07a PACN:@ODarnleyet al.(2009 PO5,P0O7
006
N12 00:42:44.65 41:20:40.6 1755.65 1.02 Cusp 2000-07b  PACN-00{Da&rimeyet al. (2004
N13 00:42:47.45 41:15:07.8 1763.66 1.02 Cusp 2000-0Bgetschet al. (2007 PO5,P07
N14 00:42:37.70 41:17:37.8 1766.64 1.00 Cusp 2000-08d PACN-00iD4rimeyet al. (2009
N15 00:42:21.49 41:07:47.3 1932.34 1.04 Cusp 2001-01a H10A,H10B
N16 00:43:05.26 41:19:08.2 1948.34 4.02 Unclassified 2001-01b
N17 00:42:42.82 41:15:55.2 1940.33 6.04 Unclassified 2001-01c
N18 00:42:54.95 41:16:09.2 1948.34 4.02 Unclassified 2001-02a
N19 00:42:57.75 41:08:12.3 2097.56 124.25 Unclassified 2001-07b
N20 00:42:38.76 41:14:44.4 2097.56 124.25 Unclassified 2001-07c
N21 00:42:30.79 41:14:36.1 2130.63 3.00 Unclassified 2001-07d I1AU@, FYCN-01-01 irDarnleyet al. (2004
N22 00:43:18.62 41:09:49.0 2094.56 121.25 Smooth 2001-07a PAV-7498@5enal. (2009 PO5,P07
N23 00:43:10.62 41:17:58.0 2163.65 28.02 Unclassified 2001-08b PAGDBM Darnleyet al. (2004
N24 00:42:40.60 41:07:59.9 2163.65 28.02 Unclassified 2001-08c PAGD¢ONDarnleyet al. (2009
N25 00:42:18.52 41:12:39.3 2163.65 28.02 Unclassified 2001-08a IAB&, FACN-01-02 irDarnleyet al. (2004
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Table 5.4: WeCAPP nova catalogue. This table continues Tal8e.

Name RA(2000) Dec(2000) tmax  Atmax Class CBAT Discovery (and light curve) X-ray Spec.
naming reference(s) obs. obs.
N26 00:42:34.62 41:18:13.0 2151.60 0.99 Smooth 2001-08d IAUC 7709,2BRC7 inAn et al. (2004 P0O5,P07
N27 00:43:03.31 41:12:11.5 2190.48 1.90 Jitter 2001-10a IAUC 7729, PBCO6 inDarnleyet al. (2004 PO7 Fell, S11
NMS2 inJoshiet al. (2004 H10A,H10B
N28 00:42:47.21 41:16:18.7 2197.32 0.98 Oscillation  2001-10c
N29 00:42:39.59 41:09:02.9 2299.32 2.99 Unclassified 2001-12b
N30 00:42:41.44 41:16:24.6 2266.30 0.92 Smooth 2001-12a IAUC 7794 Fell, S11
N31 00:42:33.89 41:18:24.0 2282.31 6.02 Smooth 2002-01b IAUC 77942B285 inAn et al. (2009 PO5,P07 He/N, S1]
N32 00:42:52.89 41:15:10.4 2283.30 0.99 Cusp 2002-01la IAUC 77947BAG6 inAn et al. (2009
N33 00:42:30.74 41:19:05.9 2325.38 4.02 Smooth 2002-02a
N34 00:43:01.08 41:16:19.9 2476.54 13.00 Smooth 2002-07a |AUC 798I 17938
N35 00:42:39.74 41:17:03.3 2521.57 38.01 Doubtful 2002-07b
N36 00:42:48.66 41:16:26.3 2573.63 26.07 Doubtful 2002-08b
N37 00:42:48.90 41:16:05.3 2661.25 6.82 Smooth 2003-01b
N38 00:42:52.24 41:13:54.5 2797.53 91.24 Doubtful 2003-01c IAUC 8155
N39 00:42:58.38 41:16:08.3 2797.53 91.24 Smooth 2003-06a IAUC 8155
N40 00:42:45.12 41:17:54.0 2820.50 21.94 Unclassified 2003-06c |AWB6 81
N41 00:42:41.14 41:18:32.4 283256 12.05 Unclassified 2003-06d I|AWB6 81
N42 00:42:15.85 41:11:59.9 2834.44 596 Smooth 2003-07b  IAUC 8165, Ritrianet al. (2005
N43 00:42:49.64 41:.18:02.0 2867.53 6.11 Doubtful 2003-08a IAUC 8210
N44 00:42:41.20 41:16:16.0 2925.46 16.95 Unclassified 2003-08c |A26 82 H10B
N45 00:42:46.74 41:19:47.4 2931.30 22.96 Smooth 2003-09b IAUC 8221 Sinonet al. (2005
N46 00:42:46.45 41:15:55.6 2925.42 26.88 Unclassified 2003-10a
N47 00:42:53.78 41:18:46.2 2949.54 8.12 Unclassified 2003-1la |AUB 824 P07
H10A
N48 00:43:00.76 41:11:26.9 2978.22 6.86 Smooth 2003-11b IAUC 8253 P07
H10A
N49 00:43:04.73 41:12:21.9 2992.32 7.02 Unclassified 2003-12a IAUE,8&®in Simonet al. (2005 P07
N50 00:42:54.14 41:15:12.2 2994.32 2.00 Smooth 2003-12b IAUC 8262 PO7
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Table 5.5: WeCAPP nova catalogue. This table continues Tat3e.

Name RA(2000) Dec(2000) tmax Atnax  Class CBAT Discovery (and light curve) X-ray Spec.
naming reference(s) obs. obs.
N51 00:42:41.18 41:15:45.0 3006.24 52.88 Unclassified 2004-01b PO7
H10B
N52 00:43:08.65 41:15:35.3 3039.29 38.95 Smooth 2004-01la Sfvionet al. (2005 P07
N53 00:42:47.28 41:16:21.4 3039.29 52.81 Cusp 2004-02a PO7
N54 00:42:40.28 41:14:42.5 3254.44 193.14 Unclassified 2004-09a |1A0¢€ 8 PO7 Fell, S11
N55 00:42:43.90 41:17:35.0 3319.60 9.30 Doubtful 2004-0Paetschet al. (2007) PO7
N56 00:42:47.24 41:15:54.5 3291.45 7.92 Unclassified 2004-1Rietschet al.(2007) PO7
N57 00:42:51.84 41:16:18.2 3291.37 7.84 Unclassified 2004-10a ATEL 346 PO7
N58 00:43:07.46 41:18:04.6 3319.49 15.13 Unclassified 2004-Hietschet al.(2007) PO7 He/N, S11
H10A
N59 00:42:47.17 41:16:19.8 3319.49 15.13 Smooth 2004-11f CBAT PO7
N60 00:42:42.81 41:18:27.8 3319.60 9.30 Unclassified 2004-1Ri@tschet al.(2007) P07 Fell, S11
N61 00:42:45.47 41:16:33.2 3348.42 28.93 Unclassified 2004-Hidtschet al.(2007) PO7
N62 00:42:32.29 41:19:25.7 3346.36 25.92 Cusp 2004-11c CBAT P07
N63 00:42:28.39 41:16:36.1 3382.36 4.09 Unclassified 2005-(Rietschet al.(2007) PO7 Fell, S11
N64 00:42:28.10 41:09:54.7 3381.36 21.03 Unclassified 2004-12a ATEL 37 P07
N65 00:42:52.79 41:14:28.8 3426.28 17.92 Smooth 2005-02a ATEL 421 P07
H10A,H10B
N66 00:42:36.37 41:18:41.8 3427.38 1.03 Doubtful 2005-02b
N67 00:42:50.80 41:20:39.8 3592.47 100.43 Cusp 2005-0Fmtschet al. (2007 H10A Fell, S11
N68 00:42:52.25 41:19:59.4 3635.37 15.94 Smooth 2005-09a CBAT H10A |, AEEL 850
N69 00:42:42.11 41:14:01.1 3635.59 9.30 Unclassified 2005-09d H10A
N70 00:42:42.12 41:18:00.3 3661.54 1.17 Unclassified 2005-10b ATEL 651 H10A
N71 00:43:13.42 41:16:58.9 3863.57 50.27 Smooth 2006-04a ATEL 805 HIOE
N72 00:43:13.93 41:20:05.5 3863.57 50.27 Smooth 2006-05a H10A
N73 00:43:11.81 41:13:44.7 3880.53 2.98 Unclassified 2006-06a H10A |, AEHL 850
N74 00:42:32.77 41:16:49.1 3867.57 54.27 Unclassified 2006-06b ATHL 82 H10A,H10B
N75 00:42:33.17 41:10:06.8 3984.41 3.89 Smooth 2006-0Qalchi Novatiet al. (2007 H10A
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Table 5.6: WeCAPP nova catalogue. This table continues Tat3e.

Name RA(2000) Dec(2000) tmax Atnax  Class CBAT Discovery (and light curve) X-ray Spec.
naming reference(s) obs. obs.

N76 00:42:41.45 41:14:445 4000.42 8.92 Unclassified 2006-09b ATEL 884 H10A
N77 00:42:42.39 41:08:45.6 3999.40 4.98 Unclassified 2006-09c ATE| S&fteret al. (20113 H10A,H10B Fell, S11
N78 00:42:44.05 41:15:02.1 4096.47 1.09 Unclassified 2008-11b
N79 00:42:21.08 41:13:45.4 4095.38 5.02 Smooth 2006-12a H10A,H10B , 5ell
N80 00:42:43.22 41:17:48.4 4095.52 5.08 Unclassified 2006-12c  ATEL 973 H10A,H10B
N81 00:42:51.15 41:14:33.5 412243 6.14 Unclassified 2007-0la CBAT AHINOB
N82 00:42:53.61 41:12:09.9 4166.30 13.03 Smooth 2007-03a CBAT H108H10
N83 00:43:04.05 41:17:08.3 4296.48 24.96 Smooth 2007-07a  ATEL 1131 B H10
N84 00:42:45.91 41:18:04.4 4297.50 1.01 Smooth 2007-07b  ATEL 1139 H10B Fe ll, ATEL 1186
N85 00:43:03.29 41:14:53.0 4307.48 9.02 Smooth 2007-07c  ATEL 1146 H10B Hybrid or He/N,

ATEL 1186
N86 00:42:59.49 41:15:06.6 4337.45 2.95 Unclassified 2007-07d ATER 116 H10B
N87 00:42:43.30 41:17:44.1 431455 15.01 Smooth 2007-07e  ATEL 1156 B H10 Fe Il, ATEL 1186
N88 00:42:29.39 41:18:24.8 4356.49 16.92 Smooth 2007-08c  IAUC 764 AT98 H10B
N89 00:43:04.18 41:15:54.1 4425.30 14.81 Unclassified 2007-11c  ATEL 12 H10B Fell, S11
N90 00:43:19.98 41:13:46.3 4444.61 18.35 Smooth 2007-12b ATEL 1360,16%/N, S11

BO9

We show the position and the time of maximum flux (expressed in JD-245000%) nova candidates in columns 2, 3 and 4. The uncertainty of the position is
smaller than 0.1 (see Riffeser et. al., in prep.). The uncertainty in the time dimaxflux Atmax in column 5 is derived from the time difference betwegs

and the last measurement befgyg:. The light curve classification is shown in column 6, with 'unclassified’ ingisahose novae we are not able to classify and
'doubtful’ indicates the novae are more similar to other variables than navaelumn 7 we give the corresponding CBAT nomenclature. Column 8 list the
references for discovery (and light curves) in optical. The spemtis and X-ray observations are shown in column 9 and 10. The 24 wataout discovery
references are newly discovered by WeCAPP.

T We also detected M31N-2006-12d on the same position, which is posdiightening of M31N-2006-11b given the short time difference.

References: POBietschet al. (2005, PO7Pietschet al. (2007, O060rio (2006, B09Bodeet al. (2009, H10A:Henzeet al. (20103, H10BHenzeet al. (20100,
H10CHenzeet al. (20109, S11Shafteret al. (20119
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5.5 Nova Taxonomy

Although all novae slightly differ, it is possible to group novae by their lightvewor spectroscopic
properties. One of the commonly used methods to characterize novae ipeke ‘slass’ proposed
by Payne-Gaposchki(il964), who categorized novae according to their light-curve evolution and
described the decline time-scale by the time needed to drop by 2 magnitudesteloaximum).
Williams (1992 did a thorough study of the spectroscopic properties of the novae;aadorized
novae into Fe (galactic thick disk novae) or He (galactic disk novae) gasuprding to the most
prominent features in their spectra. Della Valle & Livio (1998) further ledsthed the connection
between the speed class and spectroscopic classification. They fatifastinovae are mainly related
to the He novae, while the slow novae tend to show Fe Il features in theitrrapec

The physical explanation behind is that He novae are from the galactiamisgrone to have massive
white dwarfs, thus having fast and steep decline. On the other handethen&vae originate from
the less massive population Il stars in the galactic thick disk, and hencealstow decline.

The speed class is not enough to fully account for the differencesbatnovaeStropeet al. (2010
gathered 93 galactic novae from the American Association of Variable ®ser@ers (AAVSO) and
made a thorough study using the complete coverage of their light curves.

They suggested to classify the novae according to their distinct featureg dheir decline, such as
the plateau, the cusp by the secondary brightening and the dip by the dust.

In this section we classify our nova candidates (if possible) following thentamy proposed by
Stropeet al. (2010. Readers are referred to Table 3 and Figure &fropeet al. (2010 for the
definition and exemplary light curves for different nova classes. Natetkte classification scheme
of Stropeet al. (2010 is based on th¥-band magnitude, while we are usifgband and might be
affected by the strong & emission. We thus check otwband light curve, which does not affected
by the strong Hr emission, and identify the apparent features in the nova classificatiomsabie
Stropeet al. (2010 in bothR andl-band.

5.5.1 S Class and the universal decline law

The S-class novae have smooth light curves following the universagplaw decline F 0 t=17)
due to free-free emission expanding shell as proposetiaghisu & Kato(2006. In principle, the
classification scheme &tropeet al. (2010 is based on the fact that all the light curves originate from
the S-class. The S-class is indeed consistent to the vast majority of aucansidates. To verify the
universal decline law, we thus fit our candidate light curves with a éspater formula:

AF = fb+fQX(t—t0)a, (5.3)

where fy, is the baseline level and will be different from zero in cases where tha candidate flux
is present in the reference frame used in difference imaging or thereaisadle close to it (see e.g.
the light curve of WeCAPP-N10 in the appendixX) gives the proportional factor between the flux
and timety is the onset of nova outburst andis the index of the power-law decline. After the first
iteration, we found that some candidates have unreasotdbtey before the nova eruption. For such
events, we use a 5-parameter formula

AF = fo+ fox (t—19)%, to=t , +0? (5.4)
1
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Figure 5.4: S Class novae with freg The single offsets are -15.04 for NO8, -3.59 for N30, -2.81
for N31, 2.84 for N37, -18.02 for N39, -0.88 for N42, -9.89 for N68,06 for N72, -11.81 for N79
and 1.02 for N82, 5.14 for N83, -13.66 for N84 and 5.37 for N90 retpely. Note that for most of
the data points the error bars are smaller than the symbol of the data poinéswelenly show the
decline part of the light curve. Full light curves can be found in the agpe

with t , fixed at the last data point in the baseline just before the eruption to avoédsonabléy.
The best-fit parameters for equatiobs3{ and 6.4) are given in Tablé.5.1

For the S-class nova, we first tried to fit the power-law decline for all tvacandidates. A candidate
is classified as S-class nova only when the fitting routine finds a solutiontfar equatiorb.3 or
equatiorb.4. NO1, N0O9, N17, N24, N41, N49, N54, N58 and N77 are not attribut&ittass because
the fitting routine failed to find a solution.

Our best-fit value ofx from Table5.5.1for freety solely and combined with fixety are -1.51 and
-1.32, respectively. The power-law index for a ftgeés close to the value given bydachisu & Kato
(2006, while the value ofr from a combination of both free and fixégldeviates from -1.75, which
indicates that we might have missed the true eruption date for some of the. nhiedie that we
constrain the value of power-law indexfrom theR-band images, which are contaminated by tlee H
emission line and might differ from the universal power-law index frétachisu & Kato(2006).

5.5.2 CClass

The light curves of C-class novae have cusp shape, which first falpawer-law decline, then rise
steeply to a second maximum and finally have a sharp drop. The charéci€ridass light curve
has a secondary maximum emerging between 1 to 8 months after the primarySpexdeet al,,
2010. Katoet al. (2009 found that C-class light curve can be well-fitted by an exponential cempo
nent superimposed on the smooth decline. They further proposed thatgphe can originate from a
secondary ejection and the break-out into the optically thick nova whdshisu & Kato(2009 also
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Figure 5.5: S Class novae with fixgd The single offsets are -8.84 for N22, 15.17 for N26, 12.44 for
N33, -6.44 for N34, 4.97 for N40, -10.40 for N45, 2.53 for N48, 106@®2N50, -13.97 for N52, 8.05
for N59, -0.22 for N65, -1.84 for N71, 16.24 for N75, 6.70 for N861:06 for N87 and -5.14 for N88
respectively. Here we only show the decline part of the light curve. ligiit curves can be found in
the appendix.
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Freety

Name tp(JD-2450000) o

NO8 1337.9£ 0.5 -2.07£0.02
N30 2257.3+0.1 -1.55+0.01
N31 2277.9£ 0.2 -1.29+0.02
N37 2647.4+ 1.4  -3.44+0.28
N39 2776.6+ 1.1 -1.31+0.04
N42 2831.0+ 0.2 -1.214+0.03
N68 3627.7+ 0.6  -1.08+ 0.05
N72 3845.5+ 2.4 -2.04+0.16
N79 4088.9+- 0.4  -0.89+ 0.03
N82 4155.1+1.6 -2.06+ 0.23
N83 4288.2+2.1 -2.55+0.51
N84 4289.8+ 0.9 -1.05+ 0.08
N90 4437.3+1.5 -3.20+0.44

Fixedtg

Name tp(JD-2450000) a

N22 1964.3 -4.35: 0.17
N26 2145.5 -1.92+ 0.04
N33 2321.4 -1.22+- 0.02
N34 2447.5 -1.76t 0.06
N40 2798.6 -1.67 0.03
N45 2908.3 -0.9% 0.03
N48 2971.4 -0.92 0.01
N50 2985.3 -1.3% 0.04
N52 3003.3 -1.43t 0.03
N59 3304.4 -1.63 0.32
N65 3408.4 -1.44+ 0.10
N71 3813.3 -2.92- 0.22
N75 3980.5 -2.28+ 0.15
N85 4298.5 -1.16t 0.05
N87 4299.5 -1.22+ 0.11
N88 4339.6 -1.48t 0.40

Table 5.7: Power-law decline fitting for s-class nova.
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connect the formation of the cusp shape to the input of the magnetic emengydtating white dwarf.
In addition, the sharp drop before the light curve returns to the poweddsline is attributed to the
sudden formation of dust as proposedlyych et al. (2008. We have found in total 10 candidates
showing cusp features in our WeCAPP catalog and show their light cumag. 5.6.

5.5.3 OClass

The O-class light curve follows the S-class light curve, but with the dxmephat at a given time
interval the light curve shows quasi-sinusoidal self-similar oscillationsduhe course of decline.

It has been shown that the white dwarf of the O-class novae is both highlpatiagand massive
(Stropeet al,, 2010. However, these can not be the only effect leading to oscillation bedes
nova V1500 Cyg irStropeet al. (2010 which fulfills these requirements but does not show oscilla-
tion. There have been many proposals for the mechanism of oscillationphatof them have been
compared to and verified by observation (see Section 8tiopeet al., 2010. The oscillation starts
generally around 3 mag below the peak, which indicates that we might havediss peak in our
nova candidates N11 and N28, where the light curves are shown irbFi@nd in the appendix. In
Fig. 5.7 we show the two O-class candidates discovered during our observatigragn.

5.5.4 JClass

The characteristics of J-class novae are the jitters on top of the smoothede@lese jitters are
symmetric and sharp-topped flares superposed on the base of S-diassitige, which is the major
difference from the O-class novae, while the latter bears oscillationsdigawn the smooth decline.
The jitter usually has variations with amplitude larger than half of a magnitude.sJittenot occur
in the late tail of the light curve and most of them occur within 3 mag below the. f&m&peet al.
(2010 further propose for two subclasses according to the emergencejifehe one subclass has
jitters only near the peak, while the other has jitters spread all over the lighg coughly until the
nova is 3 mag dimmer than the peak. Among our candidates we found onetelAdass light curve,
which belongs to the second subclas§&tbpeet al. (2010 and is shown in Fig5.8.

It has been reported that there is a gradual increase of the time inteetaledm two successive
jitters (Bianchiniet al,, 1992 Csak et al., 2005 Pejcha2009 Tanakeaet al., 2011), while Stropeet al.
(2010, using the same data setRsjcha(2009, found no distinctive trend. We thus tried to search
for such trend in our nova candidate N27 and performed a fitting with thenfisigpequation:

log(ty —ty—1) = alog(ty — tmax) + b, (5.5)

wheret; is the time of thel-th jitter.

The jitters used in the fitting are indicated by the vertical marks in.ig. The time intervals between
the successive jitters are showrbi®. Our best-fitted value ia = 0.64+0.09 ancb = 0.11+0.16. The
slope is smaller than the values of DK Lax% 0.88) and V4745 Sgra(= 0.79) derived byPejcha
(2009 and a = 0.79 for the 6 novae presentedTayakaet al. (2011). With only one J-class nova
candidate in our catalog, we can not tell if this is a difference between treind31 and Galactic
novae, or it is simply a variation among individual novae.
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Figure 5.6: C Class novae. The offsets applied to the magnitudes are fa6NG7, -11.88 for N10,
-8.26 for N12, -17.71 for N13, -11.58 for N14, -13.79 for N15, -9fa6N32, -19.19 for N53, -19.15
for N62 and -13.04 for N67 respectively. Here we only show the degareof the light curve. Full
light curves can be found in the appendix.
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Figure 5.7: O Class novae. The offset is -15.77 for N11 and -17.6N28& respectively. Here we
only show the decline part of the light curve. Full light curves can badadn the appendix.

5.5.5 Other classes

Besides the above-mentioned classes, there remains three more classes taxotomy of
Stropeet al. (2010:

e Flat topped (F) class which has an extended interval at the peak witlcorestant brightness.

e Dust dip (D) class where the decline is interrupted by another very stsdimel and followed
by the recovery to just below the original decline.

e Plateau (P) class that the smooth decline is interrupted by a long-lasting amgifteg interval,
succeeded by the return to the original decline.
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Figure 5.8: J Class nova. The single offsets are -16.99 for N27. Hemly show the decline part
of the light curve. Full light curves can be found in the appendix.

Among our candidates, however, we do not find evident light curviesbmg to these classes. This
could be partially attributed to the set-up of our observation campaign. eon@e, the dust dip for
the extreme shallow dips iBtropeet al. (2010 occur more than 1 month after the peak, with the dip
to be about 6 mag dimmer than the light curve maximum. Such magnitude variatiomuciy e
observed in M31, because it is too faint to be discerned. This implies thatiglg misclassified
the D-class novae into other classes. The non-detection of the P-classaan be explained by the
filter system we usedHachisu & Kato(2006 pointed out that the true plateau from the continuum
radiation is best observed in tlgeband filter. Since we are using tReand| -filter, it is possible that
the plateau phase does not exist in fh@ndl-bands due to the influence of the emission lines during
the course of decline.
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Figure 5.9: J-class peak intervals for nova N27, ustrgand data.

To summarize, we have classified 42 nova candidates and find 69% tolassS24% to be C-class,
5% to be O-class and 2% to be J-class, whiteopeet al. (2010 find 38% to be S-class, 1% to be
C-class, 4% to be O-class and 16% to be J-class in their sample.

5.6 Recurrent Novae

Recurrent novae are potential supernovae progenifehaefer2010. We compare the position
of our nova candidates with the catalog Bietschet al. (2007); Pietsch(2010. We have found 4
recurrent novae candidates by selecting novae in the literature whidbcated within 1 arcsec to
our nova candidates (see Talds3 and Fig. 5.10. Among the potential recurrent nova candidates
N19 has 3 outbursts in 12 years, which would be an unprecedentedpghioad. As pointed out by
Henzeet al. (2009, the outburst appears earlier in UV and khan inR-band does not fit very well
to the nova scheme. They thus suggest an alternative scheme, that tisaud be a dwarf nova in
the Milky Way.

To test how likely an uncorrelated nova is falling into the 1 arcsec areaevierm a test by using the
upper-right quarter of our pointing F1, which has the highest M31 lightribution from the bulge
and contains 42 novae. The ratio of the area occupied by the 1”.0 cirthesd# 42 novae to the total
area of this quarter (36800 arcsef), implies the chance of an uncorrelated nova to coincide with
an existing nova is low (1.5 : 1000).

Note that we use stricter selection criteria to search for recurrent nthugsewe have less candidates
than presented biietschet al. (2007); Pietsch(2010.

Hachisu & Kato(2006 suggested that recurrent novae all bear the plateau light curveedown
our light curve we did not detect evident plateaus. The main reason ig wetdhave comprehensive
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Table 5.8: Recurrent Nova Candidates

WeCAPP ID

RA

DEC

NAME

RA

DEC

Dist.

N02(1997-10f)
N19(2001-07b)
N19(2001-07b)
N19(2001-07b)
N29(2001-12b)
N29(2001-12b)
N83(2007-07a)

00:42:52.35
00:42:57.75
00:42:57.75
00:42:57.75
00:42:39.59
00:42:39.59
00:43:04.05

41:16:13.2
41:08:12.3
41:08:12.3
41:08:12.3
41:09:02.9
41:09:02.9
41:17:08.3

2008-08b
1963-09c
1968-09a
2010-10e
1997-11k
2009-11b
1990-10a

00:42:52.38
00:42:57.73
00:42:57.71
00:42:57.76
00:42:39.59
00:42:39.61
00:43:04.05

41:16:12"%4
41:08:12'.82
41:08:1x1.92
41:08:12.35
41:09:02:90
41:09:03.22
41:17.:@r.BO

Figure 5.10: Position of the recurrent nova candidates. The largée airthe center indicates the

17.0 radius for our selection criteria. The position of potential recurnewva candidates are marked
by the smaller circles.

coverage of the light curves. Despite of the lack of highly sampled oasenv it would be hard to
find such plateaus because the light curveR ior | are contaminated by the bright emission lines.
Hachisuet al. (2008 thus advocate observations in @trgreny-band since it is designed to cut the
strong emission lines in the widébandpass filter and can follow the continuum flux more accurately.
However, they-filter is narrow and requires longer exposure time, so we use-fiiter instead of
the y-filter for the confirmation of microlensing event from achromaticity when treCWPP was

initiated.
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Figure 5.11: Recurrent nova candidates light curves. The singletefise -11.76 for NO2, -15.76 for
N19, -18.86 for N29 and -9.86 for N83 respectively. Here we onlystiee decline part of the light
curve. Full light curves can be found in the appendix.

5.7 Conclusion and outlook

We have presented the position, out-burst time and the maximum brightnes0f tlova candidates
discovered during the time span of the WeCAPP project. Light-curve clzsiins under the taxo-
nomic scheme oBtropeet al. (2010 have been shown and the fiRlandl-band light curves of each
individual nova during the outburst are also presented in the Appendix.

We provide the full light curve data of the novae on request, as well apdbiage stamps of the
reduced, stacked, or difference-imaging frames.

Part of this catalogue has been used to find the X-ray counter-paPigigchet al. (2005 2007
and showed that super soft X-ray sources (SSS) in M31 are mostyittiad by the novae during
eruption. The turn on and turn off of the SSS phase provide us the infiormaf the ejected and
accreted mass onto the surface of the white dwarf.

Besides the X-ray monitoring campaign, there is also a survey of M31 riovwakeared usingSpitzer
Space Telescopghafteret al, 20113, which indicates a correlation between the dust formation
timescales and the nova speed class. Such studies would not be possiblg Withspeed class
determined by the optical observations. Ground-based optical sustgfsas PTH@w et al., 2009
Rauet al,, 2009, PanSTARRSKaiseret al, 2002 and LSST Tyson 2002, will continue to play an
important role in the regime of multi-wavelength novae observation and helpgasrtansight of the
underlying physical mechanism of novae.
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5.8 Appendix A: WeCAPP nova candidate light curves

Nova light curves and postage stampsb@nd in upper row ant-band in lower row) for all the can-
didates. The numbers on the right of the light curves are the corresgdRandl-band magnitudes.
The red square in the postage stamps indicates the postage stamp at that tintkeeniva reaches
flux maximum.
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Figure 5.12: Light curves of WeCAPP nova NO1-NO4.
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Figure 5.13: Light curves of WeCAPP nova N05-NO08.
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Figure 5.14: Light curves of WeCAPP nova N09-N12.




CHAPTER 5. THE WENDELSTEIN CALAR ALTO PIXELLENSING PROJEC(WECAPP):

1700 1800 1900 2000 2100 2200 2300 1700 1800 1900 2000 2100 2200 2300
12k N13(2000 083)‘ a: 00142:47.45 5 4115078 Mw=1de 1T ] 35 llllA(ZOO(‘) OBd)‘ 00423770 & 4117:375 dum=1b3 | 1
- q 30— 7
10 } 1 :
= . f ! ] = & ]
= 7 --
L:; 87 t 19 - L';’ 20 . 18 —|
&3' 6 ' ] Q 15— 3' :
= r #& 3 - . 1
41— 4 3 [ E
F = 4 }‘& 20 3 £ 10 & 19 5
E g < sk #
L * “ 4 #w» N “b Yo + 1o R R E
o+ * i v w Wosm o) S s ] e oupiripe of oty 3L
[R R
2 e POl L e e
20 N13 (2000-08a): : 00:42:47.45 5 4115078 M= 116 | T E' 14 (2000-08d): o: 00:42:37.70 & 41:17:37.8 A= 1.93' ‘ b
C ] 40— . 17
. 15 18 —| — £ , R
v—>:‘ £ ] % 30; f-s ]
& oo : 5 :
— r ' ] — E : ]
= C E — C . 18 —
L 5C m E L 10f Tk :
s +’+;%“ o e ki 0 SR a0
C ] E| C S Y - - £
o {?‘ &?’%’o‘ o ‘ ’W}% iai “?o&\ 'j’ of ¥ ¥ R e ¥ B3
L LS 4 Cl
Bl b b b b b g T O Y Y Y O Y O
1700 1800 1900 2000 2100 2200 2300 1700 1800 1900 2000 2100 2200 2300

julian date — 2450000

julian date — 2450000

[efejefele]~]e]e]ofolafe]efe]e]-] ]|

| T T T J [|=fele]fs]n]s]=]e]e]=]x=]

"
.

a 173 st N 0 ) T 3 0 I % N

[TTT I T T-T-T-T-T-T- Il-1

50

AFR [10°5 Jy]
8 oa 3

=
o

1900 2000 2100 2200 2300 2400 2500

N15 (2001 Ula) rx 00 42 ‘21‘ 4‘9 ‘6 ‘41‘ 0‘7 1‘17‘3‘ A‘Mii‘l—‘ 9‘36‘ RN ‘17‘;

— s 18 —f

L ‘. 3

-

[0 - L L BT SRy - i?j
rR

e } | J J \ J } - | T | - | T | .

N15 (2001 Ola) u 00 42 21 49 5 41‘ :07: 473 A‘Mll 936 ‘ ‘ 4

= 18 |

L 19 —é

20 4

feee o, A by ks e ey a4
|

O I
1900 2000 2100 2200 2300 2400 2500

julian date — 2450000

AFR [1075 Jy]

AF; [1075 Jy]

35(F
30
25
20
15
10

15

10

1900 2000 2100 2200 2300 2400 2500
N16 ‘(2001 Olb) u 015 :43: ‘05‘ 2‘5 ‘6 ‘41‘ 19: 082 ‘ A‘M;l—492 rrrTTrTT
- 18 -
B . 19—§
o ¥ 0=
[orgrers o Srnvalh sym s sttt § 2 a
LR
TN T T N N T T N T N
SRR RN N RS RSP LR
C N16 (2001-01b): a: 00:43:05.26 &: 41:19:08.2 Awmz1= 4.92' 18
S ]
B . 19
C 4 E
C ﬁ 20 2
C 214
tWM - ¥ %Mw.mv e d
;\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
1900 2000 2100 2200 2300 2400 2500

julian date — 2450000

[TTTTTTTT™-T-TTTTTTT] CTTTNTT-T-T-TS[-T-T-T- [T " "]

T I

Figure 5.15: Light curves of WeCAPP nova N13-N16.
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Figure 5.16: Light curves of WeCAPP nova N17-N20.
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Figure 5.17: Light curves of WeCAPP nova N21-N24.
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Figure 5.18: Light curves of WeCAPP nova N25-N28.




CHAPTER 5. THE WENDELSTEIN CALAR ALTO PIXELLENSING PROJEC(WECAPP):

2200 2300 2400 2500 2600 2700 2800 2200 2300 2400 2500 2600 2700 2800
100 N29 (2001-12b). 600423059 & 41:08:025 m=702 1T T 2001 N30 (2001-Tza): a:oolazaLd & dr162e8 bum-06r’ |1
E ' ] E . i
- 3 C i
= o ;“, N 7 = 150 . 1
bar) O 4 =) = 4
0 Cl e . 0 F 16 —
5 o RN ] g 100 . ]
= C 4 ¢+ B — C . 1
C 20 4 C . E
E £ w1 E so v 3
< r ot 2 é < F . \ 18 é
va‘ PP S, SN | 0 e < ~ .33

rR CR

[ S I A U N T I T A M A B B I B B T I T T T T N O B O B B A

LI LN L AL L A R A B T ’\\ IR NNEARYAY DAY Y
14— N29 (2001-12b): a:00:42:39.59 6: 41:09:02.9 Ama1= 7.12' - 200 N30 (2001-12a): a:00:42:41.44 &:41:16:24.6 Awmz1=0.61 -
12 ] E ]
= 10 h — 1505 ]
5 : 5T |
e o ! 1 © 100- .
S 6 ¢t )2‘ 19 S E 6
= L awh e = F :
L b i E L 505 . :
< 2 . 9 = %, v
owr* R iy — '2'15 Qffwraese o * e e e B

ol t =

R T T T T T Y T O T A

2200 2300 2400 2500 2600 2700 2800 2200 2300 2400 2500 2600 2700 2800

julian date — 2450000 julian date — 2450000

HSSESSOSEDESEEEEEpEEEEEEENOOOEEDEEEEE
W [ [ [ TT T T T TTTT T M CTTTTTT] e s

2200 2300 2400 2500 2600 2700 2800 2900 2200 2300 2400 2500 2600 2700 2800 2900
60—‘ N3l (2003-01b) a:0042338d 5 4118240 uei=2.98 | | 501" Na2 (2000010 a: 001425289 5 4116104 dwea= 187 | || 17
__ sof 72 Ao :
= i = T i
™ 40— B = 30— ]
0 = ] b L y ]
o 30 B o (] ]
=, = . ] = 20 -, 18 7|
~ 20 H 184 o 3 :
S 1wl \ : S 1 : 9
- g . n L
F .~ el r i 95 2
0 jramwtrnnis son, - - - - A | [o] STy . - - -
[R rR
S0 g ) T T T B
404{ T T T T T T T e T T T T [ T | = A U LN UL U UL N UL A S e e e
N31 (2002-01b): a: 00:42:33.89 &:41:18:24.0 Amz1=2.98 17 — [ N32(2002-01a): o:00:42:52.89 &:41:15:10.4 Amz1= 1.87
35— s 1 40F .
30 : J E
SR | S
L o ] Qo
o, 15 18 - = 20 i)
L 10~ ; L 105 <
i< s :c 19 < 10: I
N i C "®
om.‘dh L1 T AN 5-9-# 0 b e L * . et P
4 F .
50| £
T T A A A ] T Y A A A
2200 2300 2400 2500 2600 2700 2800 2900 2200 2300 2400 2500 2600 2700 2800 2900
julian date — 2450000 julian date — 2450000

LI PP T I 00 fpefefefefefel-T 0 0] LET T T T 0 [e]@jofafafa]efefaf-]e]e]
[(TT I T T - T-T-T T T T] (W TTTTTeeTeT-T-T-T-T-T-T*]

Figure 5.19: Light curves of WeCAPP nova N29-N32.
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Figure 5.20: Light curves of WeCAPP nova N33-N36.
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Figure 5.21: Light curves of WeCAPP nova N37-N40.
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Figure 5.22: Light curves of WeCAPP nova N41-N44.




CHAPTER 5. THE WENDELSTEIN CALAR ALTO PIXELLENSING PROJEC(WECAPP):

2900 3000 3100 3200 3300 3400 3500 2900 3000 3100 3200 3300 3400 3500
16J: N45 (2003 Ogb) ‘ u‘ 0‘0 ‘42‘4(‘3 7‘4 ‘5 ‘41 1‘9 ‘47‘ 4‘ A‘M‘ﬁl ‘ 3‘ 6‘6 PTITTTTT i 14j N46 (2003 ‘lOa)‘ ‘C( 00‘ 142 1‘16 45 5 41‘15‘) 5‘5 ‘6 Ar‘ml 0. ‘45‘ IREERRRRE
14— r
12 1 1o ]
5 10 : 5o ;
LE) 8- v 19 % 8¢ 19—
= e E = o \ :
x4 P E x4 i E
% 47 . 203 % C . "“‘*ﬁ 4 * 20 2
20 y a2y p T RS
O #wese L B o ] TN
2[R LR *
2 B \ 4 \ - \ 4 | - | .| [ | 2 | F\< Sl b b b b by g
BT 11 T T L 71 L o A A A L L L L B B O
= N45 (2003 09b) u 00 42 46 74 6 41 19: 47 4 Amal— 3 66 4 C N46 (2003-10a): a: 00:42:46.45 d: 41:15:55.6 Awma1= 0.45
151 y 18 12— ]
= C 1 = 10~ ]
5 10F 1 S | f ]
) C ¢ | 5 61— 19 —|
= F h 19 4 = + RN } E
T o t E c 4 iy o + E
< r #t , 20 4 < on * f ++“+ t # 20 3
Fod o ' . ' 21 2 Eot { # § { a3
0 n e Lt S A O +
ol o |
T T T T T I 2 | &ﬂ T T T T T ) T AN
2900 3000 3100 3200 3300 3400 3500 2900 3000 3100 3200 3300 3400 3500

julian date — 2450000

julian date — 2450000

CIT PV TV [efejej@faj]aje]e]s]

sl FPRpie o Pl sTs] < la |

-T-[-T-WTT]

2900 3000 3100 3200 3300 3400 3500
35 ‘ N47 (2003 1la) u‘OO 42: 53 78 6 ‘41 18: 462‘A‘M3‘1—‘3‘16‘ TTTTITTT]
30+ K 1
> 25 1
= ]
o 20— 18
5 ]
=, 15— 3
@ 10 E
LL 19 3
< 50 ”, El
20 £
Oleses os e 21 4
—5-R
T T T T N T Y Y T AR B
P DL AL L ULV L L N L A R B B |
40j N47 (2003-11a): a: 00:42:53.78 &:41:18:46.2 Ams1= 3.16 17
C . B
. 30 ]
> L 4
=y C ]
T 20F ]
= [ . 18
IC 10F
< F b 193
Ot oe st . b A
F
Y T
2900 3000 3100 3200 3300 3400 3500

julian date — 2450000

[ ]
CITTITT] el LI

2900 3000 3100 3200 3300 3400 3500

35— ‘ NAB (2003 11b‘) ‘u‘ 0‘0 L33‘0C‘i 76‘6 41: 11 26‘ 9‘ AM31—‘5‘6‘0 TTTTT T
30— 1
= 25 ]
) . 1
‘?3 20— . 18
=, 15+~ 3
x L 3
% 10 19 3
5 20 3
(0] SR v P PO P ) +21 A

5 R
5 T T T N T T N O Y B |
L UL D L U L S L U L D VL e e e e | l

[~ N48(2003-11b): a:00:43:00.76 &: 41:11:26.9 Awmz1=5.60'

50— . b
= 40— 17
— [ ]
[te) 30— ]
5 r :
= 20+ E
— L 18
L 3
< 10+ El
L . 19 2
Olte s smer e fe s gt ELE |

|
et L0 T T T T Y Y A R AR O

2900 3000 3100 3200 3300

julian date — 2450000

3400

HEEEEEEENDOOEEEEEER

LI T I VT T1T Jefejejafeje]e]

HEE B EEEOOOE EEEEEE |

—B_mOoDonon

Figure 5.23: Light curves of WeCAPP nova N45-N48.
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Figure 5.24: Light curves of WeCAPP nova N49-N52.
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Figure 5.25: Light curves of WeCAPP nova N53-N56.
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Figure 5.26: Light curves of WeCAPP nova N57-N60.
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Figure 5.27: Light curves of WeCAPP nova N61-N64.
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Figure 5.28: Light curves of WeCAPP nova N65-N68.
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Figure 5.29: Light curves of WeCAPP nova N69-N72.
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Figure 5.30: Light curves of WeCAPP nova N73-N76.
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Figure 5.31: Light curves of WeCAPP nova N77-N80.
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Figure 5.32: Light curves of WeCAPP nova N81-N84.
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Figure 5.33: Light curves of WeCAPP nova N85-N88.
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Figure 5.34: Light curves of WeCAPP nova N89 and N90.
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5.9 Appendix B: Light curves of nova candidates from literature

Here we present light curves for nova candidates reported by athep@) in M31 within the field of
view and time span of WeCAPP project but which do not pass our novatibgteriteria. The name,
position and distance to the center of M31 are shown in the figures. The tiouthafrst according to
Pietschet al.(2007); Pietsch(2010 is indicated by the vertical grey line. For every nova candidate we
investigate why it did not fulfill our nova detection criteria. We group theancandidates according
to our findings and summarize these findings for each of these groupsfolltveng.

I. There are 11 nova candidates which have either a long gap of data@madtsingle high flux excess
data point or the first measurement after the peak is already belof02°Jy. All these candidates
can in fact still be nova, but they are not well enough sampled at thetpdzk positively classified

as novae by us.
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5.9. APPENDIX B: LIGHT CURVES OF NOVA CANDIDATES FROM LITERAURE 105

II. There are 9 nova light curve candidates for which the highest fkoess is not bright enough,
peak flux< 4 x 10-°Jy, to be classified as a nova candidate by us.
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lll. There are 2 nova candidates for which we miss the outburds® tompletely. For both of

them we measure the outburst jrbut this is not a criteria for our nova detection.
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108 THE M31 NOVA CATALOGUE

IV. There are 2 nova candidates for which the high flux excess data lpasna large error and thus
not fulfill our 10 opeakcriterion.
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V. For 15 of previously reported nova candidates, we would doubtte nova nature.

V.(a) 9 of them are very likely to be variable stars and are shown now
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V.(b) 2 of these previous nova candidates are classified as FU vartabdeby us (for FU Ori or V
1057 Cyg see (Herbig 1977)
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V.(c) for 4 of these previous nova candidates we see minor variability atirtie of nova de-
tection but the light curve has no nova features otherwise.
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VI. For 32 nova candidates we have no data at all around the maximm brightness so we
can not contribute to the classification of these objects. Howevewe have data at previous or
later times that can be combined with those from the original nova masurements to further

constrain the nova nature.
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5.10 Appendix C: Separate microlensing events from variables

In this section we present the signal to noise ratio andjyem versus the(qor = /Xdof for the pixel
light curves from the WeCAPP data set. To better separate the microlengnts ésxom novae, we
require i)trywum < 100 days, i) S/IN> 9 for bothR andl-band light curves and iii) thggos sSmaller
than 1.6 forR and 1.8 forl-band. In Fig. 5.35the upper left region encompassed by the black lines
indicates the S/N and the.s criteria to draw out the microlensing candidates from variables. In Fig.
5.36the lower left region encompassed by the black lines indicatesghgn and thexqor criteria to
draw out the microlensing candidates from variables.

5 0 ot e P s A B B B B B B O
40+ x o . .
x

30

S/N

20

10

Xdof

Figure 5.35: The S/N ang used to filter out microlensing candidates (black) from the 22646 pixel
light curves with good PSF fitting (green) obtained in the WeCAPP campalgnblilie points are the
novae from the WeCAPP catalogue. The red points show the variabkenped irFliri et al. (2006).

The magenta points indicate the light curves fullfilling the S/N gnetiteria mentioned in the main
text. The black points are the microlensing candidates which pass furitegiecr
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Figure 5.36: Thérwum andy used to filter out microlensing candidates (black) from the 22646 pixel
light curves with good PSF fitting (green) obtained in the WeCAPP campalgnblle points are the
novae from the WeCAPP catalogue. The red points show the variabknped irFliri et al. (2006).

The magenta points indicate the light curves fullfilling thgnm andy criteria mentioned in the main
text. The black points are the microlensing candidates which pass furitegiacr



Chapter 6

First results from PAndromeda - A
dedicated deep survey of M31 with
Pan-STARRS

6.1 The PANSTARRS survey and PAndromeda

The extragalactic group at MPE and USM is a member of the PS1 survey.olfs®ivations are
carried out with the 1.8m Panoramic Survey Telescope and Rapid Respgstem (Pan-STARRS)
located at Haleakala in Hawaii. The camera used is currently the largest tieeworld. It consists

of 60 OTAs (orthogonal transfer arrays), which hawe88CCDs each, with 584591 pixels. The total
number of pixels isv 1.33 Gigapixels. The pixel size is 0.26 arcsec. This makes the angularfsize o
one OTA to~ 30'x30’, and the total FOV to about 7 degfedhe aims of Pan-STARRS are to map
3 of the sky with 12 epochs ig'r’i’Zy within 3 years and to map several Medium-Deep Fields for
longer exposure time. Within the PS1 survey we have designed and leadthmbhitoring project
PAndromeda, which is one of the 12 key projects of PS1.

PAndromeda is designed to identify microlensing events towards M31 with lidence of obser-
vations (0.5 h per night for a time span of 5 months per year). With the langedfieziew of Pan-
STARRS, it is possible to monitor the whole M31 with one single exposure (gee@2). This
enables us to compare the self-lensing event rate (caused by bulgéskstads within M31) from
observations to the prediction from the theoretical calculation assumingsenceetection efficiency
(which is given from the set-up of PAndromeda and simulations). A discr@pin the observed and
theoretical self-lensing event rate can indicate that the assumptions in thenbtiel under consider-
ation (e.g. stellar population) might need to be improved. The microlensing mterwill help us to
constrain the mass-fraction of compact objects in M31 and the Milky Way halwjell as the mass
function at the low mass end of the M31 bulge.

PAndromeda also aims to shed light on the stellar population properties of M&dn the color
profiles, SFB-fluctuations, resolved stars and variables. It will thusawgpour understanding of the
mix of stellar ages and metallicities in the halo, bulge, stellar streams and dwaitfxlofit will also
constrain the extinction within M31. These informations are required focamrate interpretation of
the microlensing events.
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Figure 6.1: The Giga Pixel Camera (GPC) and its 60 Orthogonal Trafisfays (OTAs). Each OTA
is composed of 88 CCDs and has 584591 pixels per CCD. The field of view of GPC-s7 degreé.
The entire Andromeda galaxy, M32 and NGC 205 can be imaged with one gp{asrshown in the
figure).

6.2 First season of PAndromeda data

Pan-STARRS started the first observation season in 2010 and othdé8Zein r’ andi’-band from
23/07/2010 to 27/12/2010. We use two filters to confirm the microlensing efremtstheir achro-
maticity. We acquired 90 nights it and 66 nights in’. The total number of images and integration
time obtained in the first observation season of PAndromeda are listed in6abl€he number of
images accumulated i andi’-band as a function of time are shown in F&g3.

Table 6.1: PAndromeda integration timerin andi’-band.
Filter | Nights | Images| Total integration Time
r’ 90 1179 70740s
i’ 66 603 36180s

The 0.5 hintegration time per night was divided into two observation blocleaatsul by 4 to 6 hours
in order to trace microlensing events with time scales shorter than 1 day. $hevation cadence is
shown in Fig.6.4.
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Andromaeda G,
erved by Pan.

<]

Figure 6.2: The Andromeda galaxy observed by PS1. The color imagenisiced byg’, r’ andi’
images taken during the commissioning run in 2007.
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Figure 6.3: Accumulated number of images observed by PAndromeadaaindi’-band.
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Figure 6.4: PAndromeda observation cadence. The histogram showartiieer of visits (0, 1 or 2
times per night) on M31. The black line indicates the lunar phase (1 for fullnaoa O for dark
night). The red line shows the distance of the M31 center from the moonwasctidn of observing
date.
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6.3 Photometric stability and study of variables from PAndromeda

To understand the data quality of PAndromeda, we first investigate twéieddb; one in the bulge of
M31 and one in the disk. We use the “Astro-wise” pipeline to obtain the poiaspfunction (PSF)
of individual frames. A histogram of the PSF is shown in FBgh. The maximum peaks at 1 arcsec.
To quantify the precision of the photometry, we perform a test on subsfielthe bulge and disk of
M31. We use Source Extractor to extract stars for every observitgginldhese two sub-fields and
measure light curves, i.e. flux difference of these stars relative to the fiuxeas a function of time.
Since most of the stars are not variable, the scatter of the estimated flwewltiée(relative to the
mean flux) is an estimate for the photometric precision as a function of the magoittite star. The
ratio for this rms-error relative to the stellar flux is plotted for each star in Bi§. It shows that the
photometric precision is 1% for stars with~ 19 mag.

We also analyze the light curves for the periodically varyda@epheid stars. Their period and their
flux difference at minimum and maximum are precisely known from our ptevit'eCAPP survey
where the central bulge field was monitored as well. We used the knowrdpdd@roduce phase
diagrams for their variability and compare the light curves during one putsatidifferent times. The
scatter among the light curves for different pulsation periods is similar toctiites presented in the
previous observations with WeCAPP. This indicates that the image quality Ie stsla function of
time.

During the time span of the first observing season of PAndromeda we deecova (M31N-2010-
10a) in the central sub-field. The light curve of M31N-2010-10a iswshio Fig. 6.8,
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Figure 6.5: Point-Spread Function (PSF) distribution of the first seasBArmromeda in the bulge
(upper panel) and disk (lower panel) field. The PSF distributions of’'t(i® data are shown in the
blue (red). The dashed vertical lines indicate the promised PSF (0”.8bf P
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Figure 6.6: Photometric accuracy (rms) as a function of the magnitude sffstan images taken
by PAndromeda. The rms is derived from the light curves of each sflne.R-band magnitude
is obtained by comparing the flux of stars in the PAndromeda data to the USNEatalog (Since
at that time when this figure was made the absolute flux calibration in the static s iofidhe
PAndromeda data was not precisely known).



CHAPTER 6. FIRST RESULTS FROM PANDROMEDA - A DEDICATED DEERJRVEY OF
M31 WITH PAN-STARRS

130

18.8

19

19.2

19.4

19.6

R [mag]

19.8

20

20.2

20.4

Var0107 unfolded light curve

yt

#
HHy

H#

5400

18.8

19

19.2

19.4

19.6

R [mag]

19.8

20

20.2

20.4

5420 5440 5460 5480 5500
JD - 2450000 [day]

Var0107 folded light curve, period = 35.37 day

5520

5 10 15 20 25 30
Time [day]

35
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6.4 Microlensing results from PAndromeda

To compare with the WeCAPP results, we first analyzed the central refjiba M31 field (21« 21")
and detect 6 candidates. The positions and light curves of these 6 atastide shown in Fig.9and
Fig. 6.10- 6.15

Among the 6 candidates, PAnd 5 has the shotiggiyv. Though there is only one observation before
the light curve maximum, PAnd 5 is not likely to be a variable for the followingaaasFirst of all,
let consider the case of stellar pulsation and assume the star expandaéliosR; to R, without
changing the temperature (this assumption must hold for variables that could aghtmmatic mi-
crolensing events. This implies, that whatever causes the variability it muighply a change of the
effective temperature of the atmosphere, because that would resulblorakange). The flux (F) is
proportional to the square of the stellar radius, thus we have

OF_R-R R
ARTOR R

1. (6.1)

The amount of change in the radius can not exceed the accoustic spéleell0,000K ) times the
trwhm, Which is smaller than 0.3R.,. The star can not be too bright because it is not resolved in the
image, thus we assume it to be dimmer than 23.2th mag. The relation of flux and ABtudgis
(Oke, 1974

F — 10(239-mag/25 ,, 10—63y ' (6.2)

The flux for a 23.2th magnitude star is x610 6 Jy. Recall from equatioB.1, one has

AF = <§§ — 1) xF =0.8x16x10 %y (6.3)
which is not enough for the flux excess observed in PAnd 5. SecoRdlyl 5 can not be a nova
because the nova light curve would be asymmetric and much brighter. Shibitity of a dwarf nova
or stellar flare can also be ruled out, since these phenomena are too fardtiserved at the distance
of M31.

The preliminary analysis of the first part of data for the first seasordRAneda data demonstrates
that one can indeed detect microlensing events. The data are also fosafolvae detection and
investigation of other variables. This is a positive surprise given the flaats) the PSF distribution
is much worse than expected, and b) artefacts by the CCD, electroniaspéing are much more
severe than anticipated.

We are currently analyzing the full amount of the first season PAndrardath. A paper concerning
the 6 microlensing events is in preparation.
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Figure 6.9: Position of the six microlensing event candidates detected inrtralaegion of M31

from PAndromeda.
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Figure 6.10: Light curves of the microlensing event PAnd 1 detected inuige lof M31 from PAN-
dromeda. Upper (lower) panel shows the light curve’ii’). In the figure there are also the name
of the event (PAnd 1), the coordinateqRA) andd (Dec) at the epoch of J2000, the distance to the
center of M31 fy31) in arcminutes. The best-fit light curves and parameters are shown, iwinézh

are the time at maximum magnificatiag)( the event timescalés{yyw) in units of a day, the equiva-
lent magnitude at maximum magnificatidf) in each filter, the normalizeg, ::\/x? in each filter
and the color (R-I) of the event.
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Figure 6.11: Light curves of the microlensing event PAnd 2 detected inuige lof M31 from PAN-

dromeda.
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Figure 6.12: Light curves of the microlensing event PAnd 3 detected inuige lof M31 from PAN-
dromeda.
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Figure 6.13: Light curves of the microlensing event PAnd 4 detected inuige lof M31 from PAN-
dromeda.
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Figure 6.14: Light curves of the microlensing event PAnd 5 detected inuige lof M31 from PAN-
dromeda.
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Figure 6.15: Light curves of the microlensing event PAnd 6 detected inuige lof M31 from PAN-
dromeda.
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Chapter 7

Summary and outlook

In the context of modern cosmology more than 95% of the universe are ifothe of “dark
components”. Although we are able to quantify the total contribution of datkemiaa our universe,
we have very little understanding of its nature. Since dark matter does noddnteith baryons
electromagnetically, an elegant way to reveal the presence of dark matteough gravitational
lensing. Several groups have monitored the Galactic Bulge and the Magelleouds to search
for MACHOs as dark matter candidates since 1993. This has led to the éigcofs more than
500 microlensing events (mostly self-lensing towards the Galactic Bulge)gzer \However, the
information of the MACHO mass, distance and velocity is degenerate in the mitistescale. This
hinders the understanding of the properties of the dark matter. In ordme&k the degeneracy,
we need a “standard ruler” to measure the Einstein radius to better consteaidentity of the
microlensing events.

One of such standard ruler is the size of the source. If the signatureeftanded source (in terms
of the Einstein radius) is revealed in the light curves and if we can obtairetilsize of the source
by other means (e.g. from its color or spectra), we are able to deriveinteh radius. In Chapter
2 we presented a fast and accurate algorithm to calculate the finite-sdfacts @ the light curve.
This algorithm can be implemented into light curve fitting routines and facilitate tegrition of
finite-source effects in the huge amount of light-curve data.

The astrometric signal of a microlensing event can also serve as a stantiar For point-source
point-mass microlensing, its astrometric trajectory will trace out an ellipse. iEkeos the ellipse
projected on the sky tells us the size of the Einstein radius. It is even betteth@dinite-source
method, because the extended nature of the source is revealed onlyhehens transits the source.
The astrometric trajectory, however, are present in all microlensingevenChapteB we apply the
algorithm of Chapte to astrometric microlensing. Benefiting from the adoption of lens-centered
coordinates, we will be able to take into account both finite-source and témiseeffects for the first
time. With the launch of th&AIA satellite in the next years, we are able to routinely measure the
astrometric signal and determine the Einstein radius for microlensing everdsdtothe Galactic
Bulge.

In addition to the Magellanic Clouds, M31 is another excellent target to lsdardVIACHOSs. In
Chapter4 | show the uniqueness of M31 as a target to search for MACHOs in the(baMilky
Way or of M31). We shortly review how to account for the microlensingnévate in M31 and our
previous works to improve our understanding of M31.
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The Extragalactic group at USM has started the Wendelstein Calar Alto PisielderiProject
(WeCAPP), which monitored the M31 bulge to search for microlensing sigfalsnore than one
decade ago. | have joined the very end phase of WeCAPP and helpedantifging the paramters of
the detected microlensing events. We found that novae can also mimic the nsanglements, so we
collected all the novae in the WeCAPP data set and constrained the criter&alighticurve fitting
X2 and the signal-to-noise ratio to separate microlensing events from nokisestlidy also led to a
catalogue and light curves of 90 novae, which is the hugest amount Bft§a2Sed nova light curves
nowadays. Such optical nova data, combined with X-ray observatiog.jetschet al., 2005 are
essential for the study of the outburst mechanism and evolution of nova.

In Chapter6 | present the first results from PAndromeda, one of the key projetted®an-STARRS
1 (PS1) survey. The PS1 just started its first observing season éastHgre | show some preliminary
results of PAndromeda. | have studied the data quality and photometric stabifity BAndromeda
data. | obtain light curves of Delta Cepheids and detected one nova.gHmitholensing experiment,
we first analyzed a subfield from the center of M31 and detected 6 misingpvents. Our results
demonstrate the feasibility to discover microlensing events with PAndromedalelspite the PSF
is worse than expected. We are planning to publish these 6 events saofullldmount of the first
season PAndromeda data are currently under analysis.

The second observing season of PAndromeda will be starting in July #nislpeaddition to the’ and
i"-band, we will extend the observation to include more filters. This will improveunderstanding
of basic properties of M31, such as the stellar mass function, densityref stdinction and many
other aspects.

Besides the PS1, a 2-meter telescope is currently under constrution agtitkeMtein Observatory in
the Bavarian Alps in Germany. The first light is expected to be in the summeisofahr. One of its
science goals is to observe M31 coordinated with PS1. This will providdéterliemporal coverage
and will enable us to discover microlensing events with time scales below one day

With these instruments we are in the position to pin down the MACHO fraction in tleedfidi31
and have a better understanding of the dark matter in our neighbouring.gala
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