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PREFACE

The detection of old neutron stars and black holes in isolation is one of the
cornerstones of compact object astrophysics. However, forty years after the
first pioneering studies, no succesful candidates have been found to confirm
the early predictions, making the search for old isolated compact objects a
still open and intriguing subject. The scope of this thesis is thus to investigate
the observability of isolated neutron stars and black holes with the final
objective of defining new possible strategies for the long-sought detection of
these elusive objects.

The thesis is organized as follows. In Chapter 1, after a short discussion
on the origin of neutron stars and stellar-mass black holes in isolation, I
summarize the results of past efforts made to constrain their observational
properties.

In Chapter 2 I tackle with the dynamics of isolated neutron stars. 1
describe the set-up of a numerical Monte Carlo code, named Population
SYnthesis of Compact Objects (PSYCO in brief), developed as part of the
PhD project. I then present the results of the simulation, with particular
emphasis for statistical properties of neutron stars in the Galactic disk and
in the solar neighbourhood. These first results will be used as base to explore
alternative methods to detect old neutron stars and black holes. It should
be noted that, following the standard practice, these first results are obtained
considering only neutron stars born in the disk of the Milky Way. As it will
be shown in Chapter 3, the contribution of neutron stars, and black holes,
born in the Galactic bulge cannot be neglected since they could represent
the majority of detectable objects.

In Chapter 3 the feasibility of microlensing as a technique to detect

isolated neutron stars and black holes is explored, making use of the results



illustrated in the previous Chapter. After an overview of results obtained
so far by the several surveys, 1 describe the basic microlensing quantities
and expressions. I then describe the models adopted in my work for the
distribution of bulge and disk stars, to which the contribution of neutron
stars and black holes is then compared to. I compare the optical depth and
event rate due to neutron stars and black holes with that of normal stars.
Also, I study the distribution of event time-scales in both cases.

After the results reported in Chapter 3, in Chapter 4 I present a system-
atic cross-correlation analysis of microlensing events with the catalogues of
X-ray sources of the XMM-Newton and Chandra satellites, which appeared
recently. I report the results of the cross-correlation and the properties of a
source resulting from the cross-correlation procedure.

Finally, in Chapter 5 I review the results of my PhD project and draw

the final conclusion. I also discuss possible future developments.



1 INTRODUCTION

Neutron stars and stellar-mass black holes are born mainly in the core-
collapse of a massive star, with mass greater than ~ 8 My (where 1 M is
equal to a solar mass), which exhausted its thermonuclear fuel. Hence, the
star is not able any more to sustain its own gravity and the core-collapse
occurs. The final outcome of this process depends on the physical properties
of the progenitor like, for example, its mass and chemical composition (e.g.
Heger et al., 2003).

Neutron stars and black holes can be formed also through accretion-
induced collapse of stars in binary systems, (e.g. Lorimer, 2008, and refer-
ences therein). However, the outcome of the collapse is strongly affected by
the complex interactions between the two stars in the binary rather than
being dependent only on the initial properties of the collapsing stars. Fur-
thermore, the frequency of accretion-induced collapses is much lower than
the case of isolated massive stars (Arnett et al., 1989). Thus, isolated neu-
tron stars and black holes should represent the bulk of the population in

the Milky Way.

1.1 Neutron stars

The formation of a neutron star happens when the pressure of degenerate
neutrons formed by inverse 3 decay in the collapsing core is able to balance
the gravitational force. The external envelope of the the progenitor star is

! in a powerful supernova explosion.

then ejected at high speed, ~ 10*km s~
Such events can be observed even at cosmological distances.
After birth, the observational appearance of neutron stars varies a lot

among single objects and it too depends on their intrinsic properties, like
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magnetic field strength and angular momentum. The large majority of
known neutron stars has been detected as young isolated pulsars, powered
by magneto-rotational losses and detected through radio or gamma-ray ob-

servations.

The advent of X-ray astronomy allowed the discovery of other classes of
isolated neutron stars that are not shining at radio or gamma-ray wave-
lengths. In these objects the emission comes from the dissipation of the
magnetic field and /or residual heat as in magnetars or in XDINS and CCOs
(X-ray Dim Isolated Neutron Stars and Central Compact Objects respec-
tively, see e.g. Mereghetti 2008; Turolla 2009 for reviews).

Anyway, whatever the nature of their energy reservoir is, the emission of
isolated neutron stars is expected to fade away in a time-scale much shorter
than the age of the Milky Way, which is ~ 10'° years. Considering that
the typical lifetime of a massive star is < 107 years and that our Galaxy

likely produced such massive stars throughout its existence, a large number

of “exhausted” neutron stars is thus expected to be harboured in it.

From estimates of nucleosynthesis yields by core-collapse supernovae, Ar-
nett et al. argued that as many as ~ 10° of such events should have occurred
in our Galaxy, the large majority leaving a neutron star as remnant (Fig. 1).
However, a more recent estimate of the core-collapse rate was obtained by
Diehl et al. (2006) from measurements of the gamma-ray emission of ?° Al in
the interstellar medium, and returned a value of ~ 2 per century. This im-
plies that, assuming a constant star formation rate throughout the existence

of the Galaxy, ~ 2 x 10® neutron stars have been born in it.
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Figure 1: Fraction of massive stars that form neutron stars (solid lines) and
black holes (dotted lines). Different line styles represent different initial mass

functions. Source: Heger et al. (2003).



1.2 Black holes

Stellar-mass black holes are the final evolutionary phase of very massive
stars. Stars with initial mass M 2 40 M, are expected to undergo direct
collapse into a black hole, without generating a supernova. However, black
holes could form also by accretion of fall-back material onto a new-born neu-
tron star, if the mass of the progenitor is in the range 25 M, < M < 40 M
(Heger et al., 2003). Furthermore, the composition of the progenitor plays
an important role: for metallicities above the solar one, the amount of mass
lost through stellar wind can be so large that even the most massive stars
end their lives as neutron stars rather than leaving a black hole as remnant
(Figure 2). This scenario has possibly been confirmed by the detection of a
magnetar, CXO J164710.2-455216, associated with the massive star cluster
Westerlund 1. The turn-off point of the cluster is around ~ 35 M, implying
that the initial mass of the progenitor of CXO J164710.2-455216 should have
been 2 40 My (Muno et al., 2006).

Nevertheless, a crude estimate of the number of Galactic black holes can
be obtained from the stellar initial mass function (e.g. Salpeter, 1955; Kroupa,
2001): the ratio between the number of black holes and neutron stars is

~ 0.1 — 0.2. This yields a number of Galactic black holes between several

times 107 and ~ 108,

1.3 The past 40 years

The detection of this large population of old neutron stars and stellar-mass
black holes in isolation would be of paramount importance. Their distribu-
tion in phase-space could, for example, act as a probe of the gravitational

potential of the Milky Way, as well as to give precious insights on the magni-
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tude of natal kicks received by neutron stars and possibly also by black holes
at birth. This fact may itself help to constrain the physical mechanism re-
sponsible for these kicks. Useful information about the star formation history
of the Milky Way could be also retrieved.

The search for old neutron stars and black holes in isolation has been
tackled by many authors in the past. Ostriker et al. (1970) proposed that old
neutron stars could be recycled by accretion from the interstellar medium,
under the hypothesis of spherical accretion (Bondi & Hoyle, 1944; Bondi,
1952). Assuming a velocity with respect to the medium v ~ 10kms™!, a
density of the medium n ~ 1cm™ and the canonical values of M = 1.4 M,

and R = 10° cm respectively for the mass and radius of a neutron star, they

found that the accretion luminosity would be

GMM a1 .
L = R ~ 2 X 10 (W) ergs s (]_]_)
where
. 2m(GM)?
= 2m(GM) myn ~ 10" gs™, (1.2)

(v2 + ¢2)3/2

is the accretion rate according to the Bondi-Hoyle-Littleton theory, m, is
the mass of the proton, ¢, is the sound of speed of the medium and v =
(v2+c2)3/2/(10kms™!). The temperature k7', assuming blackbody emission,
would be ~ 100eV, that is in the soft X-rays.

The launch of the ROSAT satellite, with its good sensitivity in the soft
X-ray band, gave boost to the search of isolated neutron stars and black

holes, especially the former since, being more numerous than black holes,

12



they were expected to represent the bulk of likely detections. Adopting the
results of numerical simulation of Paczynski (1990), Treves & Colpi (1991)
predicted the hundreds to thousands accreting old neutron stars would be
potentially observable by ROSAT. Similar predictions were made by Blaes &
Madau (1993). However, only a handful of isolated neutron stars have been
discovered by ROSAT (e.g. Walter & Matthews 1997). These are commonly
accepted as middle-aged cooling neutron star, the aforementioned XDINS,

likely born in close-by star-forming regions (Popov et al., 2005; Posselt et al.,

2008).

Theoretical models of accretion from the interstellar medium have been
developed in a similar fashion also for black holes (see e.g. Campana & Pardi,
1993; Agol & Kamionkowski, 2002; Beskin & Karpov, 2005; Mapelli et al.,
2006). However, predictions for black holes are afflicted by larger uncer-
tainties since the only useful information about their statistical properties
derives from few known objects in X-ray binaries. On the other hand, the

phase-space distribution of isolated black holes is completely unconstrained.

The lack of isolated accreting neutron stars and black holes (e.g. Neuh&user
& Triimper 1999) has more than one possible explanation. First, the spher-
ical accretion rate is strongly dependent of the relative velocity between the
accreting object and the surrounding medium (cfr. Equation 1.2). Popov
et al. (2000) explored the observability of accreting old neutron stars for a

wide range of initial mean velocities, between 0 and 550 kms™?

, assuming a
Maxwellian distribution. The observed paucity of accretors in the ROSAT
catalogue would be explained if neutron stars are born with average velocities
of at least 200 km s~!, that is a factor ~ 10 larger than the dispersion velocity

of normal stars in the Galactic disk. Therefore the accretion rate would be

a factor ~ 10% — 10* lower than that predicted by Treves & Colpi. The large

13



spatial velocities of neutron stars have been confirmed by measurements of
the proper motions of known young neutron stars (see Chapter 2).

Second, neutron stars are born with very strong magnetic fields, B ~
101! — 10" G, and with short spin periods, P ~ 30 — 100ms. These facts
put stringent constraints on the conditions for which the accretion flow can
penetrate the magnetosphere of the neutron star (see e.g. Treves et al., 2000).
The first condition is that the Alfvén radius, that is the radius inside which
the dynamics of the infalling matter is dominated by the magnetic field (Il-
larionov & Sunyaev, 1975)

B? RS 2/7
= S 1.3
r <\/2GMM) (1.3)

5 1010( B )4/7( M )2/7( R )12/7( M )1/7
~ X _ B
102G/ \10tgst 105 cm M)

must be smaller of the accretion radius

2GM
v

M
3 X 1014<—)v*2 cm, 1.4
]\4® 10 ( )

raccr

which defines the region where the dynamics of the interstellar medium is
dominated by the gravitational field of the neutron star. The second condi-
tion is that the gravitational energy density of the infalling matter at accre-

tion radius

GMmyn 13 M r —5/2 3
Ug = — 6.5 x 10 <1011gsl> <1014 Cm> ergem °, (1.5)
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must be greater than the energy density of the outflowing electromagnetic

dipole radiation

= ()G (16

7.5 % 10’19< B )2P4<$)_2 ergem ™
‘ 102G 10" cm gem

where r. = ¢P/27 is the light cylinder radius. This translates into a condition

on the spin period, which must be larger than a critical value

P 2 P.,u (1.7)

W(ima) ) o) o) i)™
102G/ \10gs ! 104em/\106em/  \21,/) %

As Blaes & Madau have pointed out, the time-scale necessary for an
isolated neutron star to slow down its rotation to P = P..; is of the same
order of the age of the Galaxy. This would mean that in many cases the
conditions for accretion could be hardly reached during the neutron star life.
Furthermore, even if P > P,.;, the gravitational acceleration of the infalling
matter at the Alfvén radius should be larger than the centrifugal acceleration

due to the rotating magnetosphere

(G—M) > (21)2“. (1.8)

2
T4 P

This fact puts another stronger constraint on the spin period

15



B \6/7 M —1/2 ; M\ —1/2
P2 1(gag) (i) () =
~ A 102G/ \10gst Mm,)  °

As discussed by Treves et al., a neutron stars in this phase should give
away much of its angular momentum to allow accretion. The torque exerted
by matter accumulated at the Alfvén radius could enhance the rate at which
the angular momentum is lost with respect to magneto-dipole losses alone,
thus shortening the time needed to reach the accretion phase. However, Colpi
et al. (1998) showed that, if the magnetic fields decays with a time scale
< 10% years, the rate at which the neutron star looses its angular momentum
decreases and thus the accretion phase may not be reached. In any case, the
decay of the magnetic field in neutron stars has not been observed to date
(e.g. Lorimer et al., 1997) and its occurrence is still matter for debate.

Recent two-dimensional magnetohydrodynamical (MHD) simulations of
low-rate accretion onto a magnetized neutron star (Toropina et al., 2003)
suggest that the presence of a weak magnetic field in the accreted medium
could also lead to the suppression of the accretion rate. The plasma would
be compressed adiabatically during the infall, thus increasing the strength of
its magnetic field. When equipartition is reached the magnetic field would
start to reconnect, thus heating the gas and modifying its properties. The
suppression factor would be ~ (74/74ce-)P with p being of the order of unity
(Perna et al., 2003, and references therein).

Another factor that could influence the statistics of accreting neutron
stars and black holes arises from fact that the spatial distribution of the
interstellar medium is patchy rather than smooth. This implies that the
probability of a neutron star or a black hole residing in a medium-rich re-

gion is small (e.g. Agol & Kamionkowski, 2002). All the mentioned factors

16



act together to hinder the accretion from the interstellar medium and can
successfully explain the paucity of detections of accreting isolated remnant.

In addition to the suppressing effect on the accretion rate, the large ve-
locities observed in neutron stars, and possibily also in black holes, can have
a deep impact on their present phase-space distribution. Hence, a first step
to define new methods to detect isolated remnants is to determine where
these objects stand with respect to an observer at the Earth’s position. To
this purpouse, a simulation of neutron star orbits in the Galactic potential

is presented in the next Chapter.
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2 MONTE CARLO SIMULATIONS
OF NEUTRON STAR ORBITS

The number of known young neutron stars is ~ 2 x 10% and it is growing
steadily. Thus, the knowledge on their statistical properties is being con-
stantly refined and it can be used as starting point to model the properties
of the of old neutron star , whose distribution in phase-space can therefore be
reconstructed with a certain degree of confidence with population synthesis

models.

There is mounting evidence that isolated neutron stars are born with
very large spatial velocities. For example, radio pulsars show spatial veloci-
ties of several hundreds kms™" (e.g. Arzoumanian et al., 2002; Hobbs et al.,
2005; Faucher-Giguére & Kaspi, 2006). Some radio pulsars exhibit veloci-

ties in excess of 1000 kms™".

A striking example is the radio pulsar PSR
B1508+-55: the proper motion and parallax measurements obtained from ra-
dio observations point to a transverse velocity of ~ 1083kms ™! (Chatterjee

et al., 2005).

Similar high values of the velocity have also been inferred for objects be-
longing to other classes of young isolated neutron stars . Thanks to Chandra
observations, Hui & Becker (2006) estimated a velocity of ~ 1100 kms™! for
the Central Compact Object RX J0822-4300. Recently Motch et al. (2009)
measured the proper motion of three XDINSs (RX J0420.0-5022, RX J0806.4-
4123 and RX J1308.6+2127) and inferred velocities of 600 — 1000 kms ™.
This is not uncommon in young isolated neutron stars and hence they con-
cluded that the velocity distribution of the XDINS is not statistically different

from that of normal radio pulsars.

The origin of such high velocities is not clear. An asymmetric supernova

19



explosion is considered one possible explanation (Dewey & Cordes, 1987).
Iben & Tutukov (1996) argued that the effects of binary disruption may also
contribute to the observed velocities. Recently it has been proposed that the
fastest neutron stars are the remnants of runaway progenitors expelled via
N-body interactions from the dense core of young star clusters (Gvaramadze
et al., 2008).

These large velocities, no matter how they are achieved, are of the same
order of magnitude of the escape velocity from the Milky Way and therefore
have a strong impact on the phase-space distribution of old neutron stars.
A large fraction of them could have escaped from the Milky Way during its
life-time, thus lowering the density of neutron stars in the Galaxy and, as a

consequence, the probability to detect these object.

2.1 Method

In the following, I describe the set-up of the numerical code used to charac-
terize the distribution in phase-space of old neutron stars. I adopt the same
approach of Paczynski (1990). Initial conditions (position, velocity) are as-
signed randomly from the selected distributions to each simulated neutron

star by means of a Monte Carlo procedure.

2.1.1 Distribution of progenitors

The initial positions of neutron stars in the Galaxy are defined in a galacto-
centric cylindrical coordinates system (R, ¢, z), where the z axis corresponds
to the axis of rotation of the Milky Way. These initial positions reflect the dis-
tribution of their progenitors: according to Bronfman et al. (2000), formation
of massive stars is currently concentrated in an annular region which follows

the distribution of molecular hydrogen. However, to explore the effects of

20



the distributions of progenitors on the current phase-space configuration of
neutron stars, I choose four possible distribution models from the literature.
Paczynski suggested an exponential probability distribution, based of the

observed surface brightness® of face-on Sc galaxies

R R
p(R)dR = aRRExp exp ( - Re:cp) dR, (2.1)

where p(R)dR is the probability that a neutron star is born between R
and R + dR, R.,, = 4.5kpc is the scale-length of the Galactic disk and
arp = 1.0683 is a normalization factor.

Bronfman et al. obtained the aforementioned radial distribution of star-
forming regions in the Milky Way from the combined far infrared and mil-
limetric emission produced by clusters of massive stars embedded in ultra-
compact HII regions. The far infrared (surface) luminosity, p(R), has a
Gaussian shaped rise until it reaches a maximum at ~ 4.7 kpc. (full width at
half maximum of 2.38 kpc), then it decays exponentially, with a scale-length
of 1.78 kpc, towards the outer part of the Galaxy, following the distribution
of neutral hydrogen. The radial birth probability is thus obtained from the

far infrared luminosity from the equation

Rp(R)dR

p(R)dR = W.

(2.2)

Another possible distribution of neutron star progenitors can be ob-
tained from the surface density of Galactic supernova remnants (Case &

Bhattacharya, 1998)

Tn the J band.
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p(R) = (E)a exp {—M] , (2.3)

where a« = 2 and g = 3.53 and Ry = 8.5kpc. The corresponding radial
probability density is again obtained from Equation 2.2.

The fourth radial distribution adopted has been proposed by Faucher-
Giguére & Kaspi (2006)

(2.4)

where R,cqr, = 7.04kpc and o = 1.83 kpc. This distribution has been extrap-
olated from the observed distribution of radio pulsars found by Yusifov &
Kiiciik (2004). Hereafter these distribution models are labelled as models 1,
2, 3 and 4, respectively. Finally, for all models I assume that neutron stars

can be generated from 0 to 20 kpc.

Massive stars are located in the spiral arms of the Milky Way, they are
indeed the ideal tracers of the spiral structure. Thus spiral arms are con-
sidered in the distribution of neutron star progenitors, adopting the same
prescription of Faucher-Giguére & Kaspi: massive stars are distributed along

four logarithmic spirals, each spiral described by the equation

&(R) =k In(R/R.) + oo . (2.5)

The values of the parameters k, R, and ¢q for each spiral are given in

Table 1. Actually, Equation 2.5 describes the position of arm centroids. A
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Figure 3: Radial probability distributions of neutron star progenitors. Line
styles depict the models of Paczynski 1990, (solid, model 1), Bronfman et al.
2000, (dotted, model 2), Case & Bhattacharya 1998, dashed, model 3 and
Faucher-Giguére & Kaspi 2006, (dot-dashed, model 4), respectively.
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Table 1: Parameters of the spiral arms.
Arm k R, oo

|kpe| [radians]

Norma 4.25 3.48 1.57

Carina-Sagittarius 4.25 3.48 4.71

Perseus 4.89 4.90 4.09

Crux-Scutum 4.89 4.90 0.95

more realistic distribution can be obtained if the positions of progenitors are
scattered, both in the radial and azimuthal directions, around these centroids,
see Figure 4. Details on how the scatter is added to the initial positions of

neutron stars can be found in the paper of Faucher-Giguére & Kaspi.

The thickness of the star-forming region is few tens of parsec (Bronfman
et al., 2000; Maiz-Apellaniz, 2001). However, as Sun & Han (2004) have
pointed out, the long term dynamical behaviour of a population of neutron
stars is insensitive to the scale-height of its progenitors (see also Kiel &
Hurley 2009). Following these results I assume that all neutron stars are

born on the Galactic plane, that is z; = 0.
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Figure 4: Projection on the (X, Y") plane of initial positions of neutron stars,
where X = Rcos¢ and Y = Rsin¢. - The radial distribution is from
Paczynski (1990). The position of the Sun is at (X,Y) = (8.5,0.0).
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2.1.2 Birth velocities

The true form of the distribution of birth velocities is still a hotly debated
issue. For example, Lorimer et al. (1997) and Hobbs et al. (2005) proposed

a Maxwellian distribution
2 v? v?
p(v) = \/;F v (= 553) (2:6)

where v is the three-dimensional velocity and o is the velocity dispersion.
Alternatively, Arzoumanian et al. (2002) and Brisken et al. (2003) proposed

a bimodal distribution

2 5w v? 1—w v
=/ 20 | = — - — 2.7
o) =20 (Lo () + e (< )] @7

where w is the relative weight of the two sub-distributions and oy and oy are
the respective velocity dispersions.

Using the same sample of pulsars of Brisken et al., Faucher-Giguére &
Kaspi explored, together with single and bimodal Maxwellian models, also

other possible distribution functions like the double-sided exponential

p(vi) = ! exp < _ Jd ) ; (2.8)

2 Vegp

where v; represents a single component (vg, vs or v,) of the spatial velocity

and v.g)p, is a characteristic velocity; the Lorentzian

B 1
p(vi) = - (1 N (vf/’y?)) ; (2.9)
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where v is a scale parameter defining the half-width at half-maximum, and

the distribution proposed by Paczynski

p(v) = ! (2.10)

TV, (1 + (U/U*)2>2 7

where v, is a characteristic velocity and v is again the three-dimensional
velocity.

From the results of a Kolmogorov-Smirnov test, they concluded that the
Maxwellian model is the least favoured. On the other hand, they disfavour
also the bimodal distribution since the bimodality could arise from an at-
tempt to reproduce a non-Maxwellian distribution with a superposition of
Maxwellian functions. According to the same K-S test, the single-parameters
models described in this Chapter are equally capable to reproduce the ob-
served distribution of pulsar birth velocities.

To explore the effects of the birth velocities on the final phase-space dis-
tribution of neutron stars, I adopt the Maxwellian model of Hobbs et al., as
well as four of the models proposed by Faucher-Giguére & Kaspi that is the
bimodal, the double-sided exponential, the Lorentzian and that of Paczyn-
ski. From here on I refer to these models as A, B, C, D and E respectively.
The value of the parameters adopted for each velocity distributions, together
with the resulting mean three-dimensional velocity, are listed on Table 2.
Mean velocities are calculated numerically from simulated velocity vectors.
All velocity distributions refer to the frame at rest with the progenitors.

The motion of massive stars can be decomposed in a bulk component

1

given by the circular motion of the Galactic disk, v ~ 200kms™, and by
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! with respect to the frame

a random motion with dispersion o ~ 25kms™
corotating with the disk. These random motion are small if compared with
the circular velocity or the birth velocities of neutron stars. Thus, the random
motions of progenitors are neglected and the initial velocities of simulated

neutron stars are given by vector sum of the birth velocity and the circular

velocity at the birthplace, v = vy;en + Veire.

2.1.3 Gravitational potential

Once the initial conditions have been assigned, the motion of each neutron

star in the Galactic potential is described by the equation

i=-Vo, (2.11)

where r = r(R, ¢, z) is the position of the neutron star and ® is the grav-
itational potential of the Milky Way. I adopt the three-component model
proposed by Smith et al. (2007)

P =0+ Pp + Py, (2.12)

where ®p, & and @y represent the contributions from the bulge, disk and
dark matter halo, respectively. The gravitational potential of the bulge is
(Hernquist, 1990)

GMpg

by = — 2.13
B r+rg’ ( )
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Figure 5: Differential velocity distributions obtained from Monte Carlo simu-
lations of velocitiy vectors. Line style represent models A (solid), B (dotted),

C (dashed), D (dot-dashed) and E (triple dot-dashed).

29



Table 2: Velocity distribution models. (v) represents the aritmethic mean,

calculated from Monte Carlo simulations of velocity vectors.

Model Parameters (v)

[km s~!]

A o =265kms™! 420
B o1 =160kms~! 335
09 = 780kms™!
w=20.9
C Vexp = 180 km s™* 400

D v=100kms™! 447

E v, = 560 kms™! 331
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where Mg = 1.6 x 10'*° M, and rg = 0.6 kpc are respectively the mass
and the scale-radius of the bulge and r = +R? + 22 is the distance from
the Galactic center. The gravitational potential of the disk is (Miyamoto &
Nagai, 1975)
GM
Op=— D , (2.14)

\/{R2 + [RD+ \/W]Q}

where Mp =5 x 10'° M, is the mass of the disk and the Rp = 4 kpc and
zp = 0.3 kpc are respectively the scale length and scale height of the disk.
Finally, the potential of the dark matter halo is (Navarro et al., 1996)

4 T3
By = T CP oy (1+5). (2.15)
c3r Tvir
where
pC'I‘QO(Sth e
ps = (2.16)

3 In(l1+¢)—c/(1+¢)

is the characteristic density, c is the concentration parameter, r,;,. is the virial
radius and p,, is the critical density of the Universe.

The parameters of potential are taken from Smith et al., except for the
concentration parameter ¢ and the virial radius r,;, (19.2 and 274 kpc re-
spectively), which were adjusted to match the standard values of the Inter-
national Astronomical Union for the distance of the Sun from the Galactic

center, Ry = 8.5kpc, and the circular velocity at the solar circle, ve..(Ro) =
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220kms~!. The escape velocity at the solar radius, ves.(Ro) ~ 544kms™! is

also taken from Smith et al. The corresponding value of the virial mass is
My ~ 102 M.

Very recently Reid et al. (2009) gave a new estimate of the circular veloc-
ity, veire(Ro) =~ 254kms™! with Ry = 8.4kpc, obtained from proper motions
of massive star forming regions. This means that our Galaxy may be more
massive that what estimated by e.g. Smith et al. To assess the effect of the
enhanced mass of the Galaxy on the orbits of neutron stars, I consider also
a model of the potential with a different set of parameters: the masses of
the bulge and disk are increased by a factor (254/220)2, that is the ratio of
the squared circular velocities in the two cases. For the halo, the concen-
tration parameter ¢ remains the same while the virial radius r,;. is in this
case ~ 332kpc, which yields an ~ 80 percent increase of the virial mass,
My ~ 1.8 x 1012 M.

It should be noted that in the model where ve,..(Ry) = 254kms™!, the

escape velocity is ~ 664kms™.

This is higher than the central value,
544kms~! estimated by Smith et al. (2007); however, it is not far from
their 90% upper limit (~ 608 kms™1), especially when it is considered that
Vese Was obtained by assuming v, = 220kms~!, and that modifying such

assumption introduces further uncertainty in its determination (M. C. Smith,

private communication).

2.1.4 Orbit Integration

A run of the simulation, 150000 orbits each, is then launched, one for every
combination of radial and birth velocity distributions, assuming constant
birth rate during the whole Milky Way life-time. Hence, the age of each

neutron star is assigned randomly from an uniform distribution. The orbit
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Figure 6: Rotation curve for our Milky Way model (solid). Dotted, dashed
and dot-dashed lines represent the bulge, disk and dark matter halo contri-

butions, respectively.
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Figure 7: Escape velocity on the Galactic plane as a function of the dis-
tance from the Galactic plane. The circular velocity (dashed) is plotted for

comparison.
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of each neutron star is then integrated numerically, for a time corresponding
to its assigned age. The axial symmetry of the potential implies conservation
of angular momentum with respect to the axis of rotation of the Galaxy. This

allows to reduce the number of equations in the system 2.11 to four

dR

E = UR,

dz B

% = U,

dvg 0D 42

9 R TR

ﬁf: %ﬁ (2.17)

where j, is the angular momentum with respect to the z axis. Integration
of the systems of equations 2.17 is performed with a 4th order Runge-Kutta
algorithm (e.g. Press et al. 1992) with customized adaptive step-size. The
relative accuracy of integrations is kept below 107% using the energy per unit

mass E as reference, i.e. (0E/F) < 107%, where

E=— + &). (2.18)

To limit the computation time? and avoid lock-ups of the code, all neutron
stars reaching 0.1 kpc from the Galactic center are discarded. The fraction
of neutron stars travelling to within 0.1 kpc from the Galactic center is less

than 1 percent in each run.

2The CPU time for a typical run is about 1 day.
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2.2 Results of the simulation

The results of these simulations suggest that the statistical properties of
neutron stars are affected mainly by the distribution of birth velocities, while
the effects of different distributions of progenitors are less prominent. Results
of models differing only for the distribution of progenitors are quite similar,
the main difference is the shape of the surface density towards the inner part
of the Galaxy (Figure 8): in fact, in models based on the distribution of
progenitors proposed by Paczynski, the density peaks at the Galactic center

whereas for other models the density peaks away from the center.

Moreover, it can be argued that the distribution proposed by Paczynski,
in spite of being obtained from observations of external galaxies, may better
represent the long-term star formation history of our Milky Way. The other
models are based on the present-day distribution of population I objects,
which could have been rather different in past epochs (see e.g. Chiappini et
al., 2001) and are thus better suited for population studies of young/middle-
aged neutron stars (like radio pulsars or magnetars). For this reason I focus
on results of models 1A to 1E, i.e. with the distribution of progenitors of

Paczynski.

2.2.1 Fraction of bound neutron stars

I first compute the fraction of neutron stars in bound orbits, fround. Ne-
glecting all those processes that could alter its energetic state (e.g. N-body
interactions or scattering by molecular clouds and Galactic spiral arms), the
final fate of a neutron star is known once its initial position and velocity are
given. A neutron star is bound when its initial velocity is lower than the

escape velocity at the birthplace, v; < ves(r), with
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Figure 8: Surface density of neutron stars in the disk, obtained from best fit
parameters (Ny,, = 10%). Models 1B (solid line), 2B (dotted), 3B (dashed)
and 4B (dot-dashed).
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Uesc(ri) =V —QCI)(I‘Z-), (219)

where r; is the position of the newborn neutron star. Thus

NV < Vese)

2.20
Nstar ( )

f bound —

The retention fraction is ~ 0.7 for models 1A, 1C and 1D, while for models
1B and 1E, fiouna ~ 0.9 and 0.8 respectively (Table 3).

2.2.2 Distribution of heights

To model the distribution of height on the Galactic plane, I adopt a logistic
function (see e.g. Fig. 9)

1

f(Z):m,

(2.21)

From these fits I estimate the average half-density half-thickness 2/, of
the disk neutron stars (Table 3). The values of the coefficients of the fit for
each model, together with the corresponding maximum error, are listed in
the Appendix (Table 11). The half-density half-thickness shows substantial
variations from model to model, going from ~ 100 to ~ 400 pc for models
1A to 1D. For model 1E in particular, 21,2 ~ 30 pc, i.e. roughly an order of
magnitude smaller than those obtained from other models. I will return on

this fact later.
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fitting function.
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2.2.3 Neutron stars in the disk

Here I define the Galactic disk as the cylindrical volume with radius 20 kpc
and height 0.4 kpc, that is R < 20 kpc and |z| < 0.2 kpe. The fraction of
neutron stars that reside in the disk, fgs, goes from ~ 0.05 to ~ 0.20.
Hence, the majority of neutron stars born in the disk of Milky Way, even
those in bound orbits, do not reside in it (see Table 3).

I fit the logarithmic surface density of the disk adopting a fourth order

polynomial as fitting function

log2(R) = ap + a; R+ az R* + a3 R’ + a, R* . (2.22)

The values of the coefficients a; are listed in the Appendix (Table 10).
I made a visual check of the final distribution of neutron stars in the disk,
looking for traces of the spiral arms. I found no evidence of spiral structure

in the evolved distribution (compare Figs. 4 and 10).

2.2.4 Mean velocities

The mean velocity of neutron stars in the disk, calculated in the reference
frame at rest with respect to the Galactic center, is roughly the same for all
models, (v) ~ 210 —230kms™!, while in the frame corotating with the disk
the mean velocity is lower, (vE5%) ~ 150 — 190kms~!. An exception are
models based on the velocity distribution E, which show mean velocities in

1

the corotating frame of ~ 80kms™". This fact can be easily explained: in

the E model low birth velocities have higher probability (see Figure 5) and
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Figure 10: Final distribution of neutron stars in the disk - Model 1E*.
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Table 3: Statistical properties of neutron stars in the disk.

Model 1A 1B 1C 1D 1E 1A* 1B* 1C* 1D* 1E*
foouna ~ 0.70 0.88 0.72 0.71 0.79 0.84 0.91 0.82 0.77 0.85
Jaisk 0.05 0.11 0.10 0.12 0.19 0.06 0.13 0.12 0.16 0.21
212 367 225 164 100 33 345 192 149 80 28
[pc]
(v) 230 220 215 213 213 262 250 249 245 245
[kms™]
(vFSEY 180 146 199 164 82 199 156 216 176 89
[kms™]
foesomms—1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
(7]
Lo et 1.9 60 33 74 437 14 39 29 68 379
(%]
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thus the main contributor to the velocity of the star is the circular velocity,
Vbirth + Veire = Veire-

The low velocity in the local standard of rest implies also that neutron
stars can not move too far away from the disk and that is the reason why
the scale height is considerably lower than in other models.

Following Zane et al. (1995), the cumulative velocity distribution of neu-
tron stars with respect to the Galactic center and the corotating frame are

fitted with the function

(v/v0)"

T + (v/vo)n ’

G(v) (2.23)

where a vg is a characteristic velocity. Fit values for vy, m and n are listed

in the Appendix (Table 12).

2.2.5 The solar neighbourhood

To compare my results with previous studies, e.g. Blaes & Madau (1993)
and Zane et al. (1995), I focus now on the statistical properties of neutron
stars; in the so-called solar region, 7.5 < R < 9.5 kpc.

2 where

The local surface density X varies from ~ 0.4 to 2 x 10° Ny kpc™
Ny is the total number of neutron stars born in the Galaxy, expressed in
units of 10°. The spatial density of neutron stars in the solar vicinity, no,

also varies by a factor ~ 5 between models, from ~ 1 to 5 x 107 Ny pc=3.

Thus, up to ~ 103 neutron stars should be harboured in the Local Bubble,
a region of very low density, n ~ 0.07 cm ™3, nearly centered at Sun and with

radius ~ 100 parsec. The distance of the nearest neutron star is therefore
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47TTLO

1/3
iy ~ ( ) ~10pc. (2.24)

2.2.6 Neutron stars in the halo

Bound neutron stars in the halo can reach distances as large as ~ 1 Mpc
from the Galactic center, however the majority lies within the virial radius
of the Milky Way (~ 270kpc). Unbound neutron stars become dominant at
~ 500 kpc (Figure 11) and can travel much farther away than bound neutron
stars, because their velocity is only weakly affected by the gravitational field
of the Galaxy. Accordingly, the mean velocity of neutron stars in the halo

begins to rise from ~ 500 kpc.

2.2.7 Sky density of neutron stars

[ compute the projected number density of neutron stars in heliocentric
coordinates ([,b,d) for objects within 10 kpc from the Sun. The resulting
map of the sky density is shown in Figure 12. It is evident that most neutron
stars cluster in the region of the Galactic bulge, where the density is several
times 10% to 10* Ny deg=2, depending on the model.

Since most neutron stars are in the halo, it can be expected that the
sky density is non-negligible even at high Galactic latitudes, in particular
considering also neutron stars at large distance. Hence, I compute also the
expected density of neutron stars in the direction of the Magellanic Clouds,
assuming distances of 48 and 61 kpc for the Large and Small Magellanic
Cloud, respectively. The sky density is ~ 2 — 3 x 10? Ny deg~2 towards both

directions.
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Table 4: Statistical properties of neutron stars at the solar circle.

Model 1A 1B 1C 1D 1E 1A* 1B* 1C* 1D* 1E*
>0 0.44 1.02 090 1.21 193 063 131 1.17 1.55 2.33
[10° Ng kpc™2]
i 1.1 26 23 30 48 16 33 29 39 58
[107% Ny pc™3]
drmin 129 98 102 92 78 115 90 93 85 74
[pc]
(v) 216 213 204 206 216 248 242 234 238 249
[kms™?]
(vESR) 173 140 191 158 72 191 150 203 167 79
[kms™!]

fo<50 kms—1 <1l <1 <1 <1 <1 <1 <1 <1 <1 <1
(%]

o kms1 25 43 35 84 497 14 32 34 78 454
[%]
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Figure 11: Fraction of bound NSs (top) and mean velocity of NSs (bottom)

as a function of the Galactocentric radius.
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Figure 12: Aitoff projection of the sky density of neutron stars for ob-
jects within 10 kpc from the Sun (model 1A). Contour levels are drawn at
10,102,102 deg—2, respectively. The patchy appearance is due to poissonian

noise.
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2.2.8 Results with different potential

Calculations made with the updated potential are labelled with an asterisk
in the tables and give the following results. The retention fraction fyoung
exhibits a significant increase, especially for models 1A* and 1C*, while for
the remaining ones the enhancement is less conspicuous. In all cases the
fraction of neutron stars retained by the disk is only slightly increased (Table
3).

In all models with the updated potential, the scale height of the popula-
tion is lower due to the increased masses of the disk and bulge, the decrease
in 21/, being of the order of 10 - 20 percent (see Table 3).

The higher number of neutron stars retained by the disk implies also
higher values of the surface and volume densities, together with the projected
density towards the Galactic plane. For the same reason, even relatively fast
neutron stars can be found in the disk, thus increasing the mean velocity of

this population (see Tables 3 and 4).

2.3 Summary of the results

The results of these numerical simulations show that the distribution of birth
velocities is the main factor driving the dynamics of neutron stars in the Milky
Way. I obtain substantially different values of fyounq among different birth
velocity models, with the shape of the distribution (position of the peak,
bimodality, etc.) also playing a role in determining the final fate of bound
neutron stars.

The highest escape fraction, ~ 0.3, are obtained with models A, C and
D. This value is lower than that found by e.g. Arzoumanian et al. and

similar to that inferred by Hobbs et al.. This is probably due to the different
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models of the distribution of free electrons adopted to estimate the distance
of radio pulsars. Arzoumanian et al. adopted the model of Taylor & Cordes
(1993). Both Hobbs et al. and Faucher-Giguére & Kaspi adopted instead the
revised model of Cordes & Lazio (2002), which reduced distance estimates,
and thus also velocities, of young pulsars. As a consistency check, I performed
a simulation run with the distribution of velocities proposed by Arzoumanian
et al., obtaining fyoung ~ 0.54, confirming my hypothesis. The adoption of
a different potential, with higher mass of the Galaxy, implies higher escape
velocities. Hence, only the fastest neutron stars, ~ 10 — 15 percent, can

definitely escape from the Milky Way.

Albeit more than 70 percent of the neutron stars born in the Milky Way
are in bound orbits, the present-day number of neutron stars in the disk is
only a minor fraction of the total, < 0.20. The remaining ones are found in
the halo where they spend most of their life. Even so, the ratio of young,
t < 107 years, to old neutron stars in the disk is very low: for each neutron
star detected as a young active source there should be still more than 100

old objects.

Simulated neutron stars are born with significantly higher velocities with
respect to what is found in other works. In spite of this, the resulting half-
density at half-thickness shows no significant differences with previous stud-
ies. Also, the local spatial density of neutron stars falls between those found
by e.g. Blaes & Madau and Zane et al. (1995) that found by Paczynski
(1990), i.e. approximately between ~ 1 and ~ 5 x 107* Ny pc~3. This means

that the nearest neutron star lies within ~ 10 parsec from the Sun.

The mean velocity is higher by at least a factor ~ 2 with respect to, for
example, that found by Blaes & Madau and Zane et al. Low velocity neutron

stars (v < 50kms™!) in the disk are a tiny fraction, f,<s0xms-—1 < 1%. This
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LSR

o o1 ~ D%, in the reference frame corotating with

fraction is instead
the Galactic disk.

Most of Galactic neutron stars, either bound and unbound, run away from
the Galactic plane in a short timescale and form a halo which extends well
beyond the virial radius of the Milky Way. The (spherical) radial distribution
of halo neutron stars clearly shows a separation between bound and unbound
objects. Unbound neutron stars become dominant at r ~ 500 kpc.

The results reported in this Chapter have been published in Sartore et al.
(2010). I stress that these results do not account for neutron stars generated

in the bulge wich, as I will show in the next Chapter, may account for ~ half

of the neutron stars born in the Galaxy.
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3 MICROLENSING FROM ISOLATED
NEUTRON STARS AND BLACK HOLES

As shown in the previous Chapter, the observability of old isolated neutron
stars and black holes as sources accreting from the interstellar medium
is still controversial. However, they certainly can still act as gravitational

lenses.

3.1 The microlensing phenomenon

Luminous
source
Moving massive

object M —

Observer

Figure 13: Sketch model of a microlensing event. Source: Moniez (2010).

The phenomenon of gravitational microlensing, that is the deflection and
amplification of the light of a star by a foreground massive object, has been
first predicted by Einstein (1936), but the prospects of observing such kind

of events were, according to him, negligible.
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Gravitational microlensing was seriously reconsidered in a series of sem-
inal papers by Paczynski (1986, 1991), in order to detect massive objects in
the Galactic halo and bulge, and thus to constrain the nature of the dark
matter within the halo itself. To this purpose, several survey programs have
been started, like the MACHO (MAssive Compact Halo Objects, e.g. Al-
cock et al., 1993), the OGLE (Optical Gravitational Lensing Experiment,
e.g. Udalski et al., 1992), the EROS (Experiénce de Recherche d’Objects
Sombres, e.g. Aubourg et al., 1993) and the later MOA (Microlensing Ob-
servations in Astrophysics, e.g. Muraki et al., 1999) projects. These surveys
have been very successful in detecting events towards the Magellanic Clouds,
the Galactic spiral arms and in particular the Galactic bulge, for which the
number of events detected surpasses by far all the others (see e.g. Moniez,

2010, for a review).

Since the rate of microlensing events depends on the density of both
source and lense objects, and considering that the sky density of neutron
stars, like that of normal stars, also peaks towards the Galactic bulge (Fig-
ure 12), its is straightforward to think that this is the most suitable direc-
tion where to detect candidate neutron star and black hole lenses. Thus
I limit the study to the contribution of neutron stars and black holes to
the microlensing rate towards the Galactic bulge. This contribution must
be compared to that of other, more numerous, stellar populations in the

Galaxy.

The first theoretical predictions of the microlensing optical depth (7,
see Chapter 3.2 for a definition) towards the bulge inferred values of ~
0.5 — 0.8 x 107® (Paczynski, 1991; Griest, 1991) for the luminous stellar
component of the Milky Way. The initial measurements of the optical depth
returned significantly larger values, e.g. 7 = 3.3 x 107% (Udalski et al., 1994)
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and 7 = 3.9 x 107 (Alcock et al., 1997), respectively. To explain this dis-
crepancy, Kiraga & Paczynski (1994) suggested that the Galactic bulge could
give a substantial contribution to the optical depth. Hence, they included
this contribution in their calculations. Theoretical estimates with these new
models agree well with the more recent measurements of the optical depth,
7 =217 x 107% (Popowski et al., 2005, MACHO), 7 = 2.55 x 107° (Sumi
et al., 2006, OGLE) and 7 = 1.62 x 10~° (Hamadache et al., 2006, EROS).

The contribution of neutron stars and black holes to microlensing has
been estimated by Gould (2000); Wood & Mao (2005); Calchi Novati et al.
(2008). These authors found that ~ 2 — 3 percent of the events are related
to neutron stars and black holes. However, they did not take into account
that these objects have a different phase space distribution with respect to
normal stars, because of the large kick velocities received at birth (e.g. Hobbs
et al., 2005; Gualandris et al., 2005). This fact has two opposite effects.
First, the velocities at birth can be higher than the escape velocity from
the Galaxy. Hence, a non negligible fraction of remnants may have escaped
from the Galaxy and thus cannot contribute to the microlensing rate towards
the bulge. Second, the larger velocities imply a higher rate of events than

what expected from a similar population of lenses moving at lower speeds,

as showed by Griest (1991).

3.2 Basic theory of microlensing

A microlensing event occurs when a massive compact object passes near-by
the line-of-sight (L.o.s. hereafter) of a source star, producing non-resolved
and amplified images of it. Assuming point-like source and lens and constant

relative speed between the two, the light curve of the event follows the law
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(3.1)

where A(t) is the amplification factor of the source’s light and wu(t) is the
projection of the distance between the source and lens in the plane of the

sky, in units of the Einstein radius (Griest, 1991)

1/2 1/2
] =138 x10°® /m Dyx (1 —x)| kpc,

(3.2)

,[GM Di(D, - D)
2 D,

Rp =

where M is the mass of the lens, Dy is the source-observer distance, D; is the
lens-observer distance, z = D;/D; and m = M / M, is the mass of the lens in
solar units. The probability that a background source is lensed at any given
time is called optical depth for microlensing (Vietri & Ostriker, 1983) and it
depends on the distribution of lensing matter along the l.o.s. (e.g. Kiraga &
Paczynski, 1994; Jetzer et al., 2002).

A7 G [P DD, — D
T(Ds) = 2 /0 pl(Dl)¥le> (3.3)

where p; is the mass density of the lenses, If both lenses and sources are

distributed along the l.o.s., Equation 3.3 becomes

B 4G

Dma:t
= D D,)D?dD A4
r=Z7 [ D) D2aD. (3.4
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where pg is the mass density of sources and I = fo e pS(DS)DdeS is a
normalization factor. Throughout this paper I will assume D,,,, = 12 kpc
in order to include the contribution of the whole bulge. The optical depth
can also be defined as (Griest 1991)

(3.5)

where I' is the rate of lenses entering the tube and (tg) is the average time-
scale of the observed events. The duration of a single event depends on the

mass of the lens and on the geometry of the system (Moniez, 2010)

tg = @ZE[GMDI(DS—DZ)]W

V1 V1 c2 Ds
vy -1 Dy \V2 [z (1 —x)]?
79 <7) 1/2 ( ) days, (3.6
100kms1/) " \T0kpe 0.5 ays, (36)

where v, is the relative velocity between source and lens in the plane per-
pendicular to the Lo.s.. The differential rate of events is (e.g. Jetzer et al.,

2002; Calchi Novati et al., 2008).

D;)d3D D,)D?dD
ar = WO EP DI D dDe g, (3.7)

where n; and n, are the number density of the lenses and the sources along

the l.o.s., while f(v) is the distribution of the source-lens relative velocities.
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3.3 Model of the Galaxy

In order to compare the contribution of neutron stars and black holes to the
microlensing rate towards the bulge with that of other stars, the contribution
of each stellar population has to be calculated self-consistently. Hereafter I
describe a model of the Milky Way which accounts for all populations of
lens and source stars. This model is different from the one described in the
former Chapter since now the population of bulge-born compact remnants,

both neutron stars and black holes, is taken into account.

3.3.1 Distribution of normal stars

First, I model the distribution of normal stars, that is stars with no natal
kicks, in both the Galactic bulge and disk. I adopt the same bulge model of
Calchi Novati et al., that is a three-axial bulge with an exponential density
profile and a major axis that forms an angle ¢ ~ 24° with the Sun-Galactic
center axis (e.g. Stanek et al., 1997). The total mass of the bulge is ~
2 x 10 M. For the disk, I adopt a thin + thick disk model, both described

by an exponential density profile

poi( R 2) = 47r(L;W—DiL,21) o, [eXp <L£> - (%)] xp ( N ’Hi‘> 1=12
(3.8)

where the masses of the thin and thick disks are Mp, ~ 2.5 x 10 M, and
Mp, ~ 0.5 x 109 M, the scale-lengths are L; ~ 2.6 kpc and Ly, ~ 3.6
kpc and scale-heights are H; ~ 0.3 and Hy ~ 0.9 kpc (Robin et al., 2003),
respectively. The mass of the thin disk accounts also for the interstellar

medium, Mgy ~ 0.5 x 109 M. According to Freudenreich (1998), the
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stellar disk is holed at its center, the hole being likely produced by orbital
resonances in the potential of the barred bulge (Contopoulos et al., 1989).
For the scale-length of the hole in both the thin and thick disks I assume
L, ~ 1.3 kpc (Picaud & Robin, 2004).

The motion of bulge and disk stars has both bulk and random compo-
nents. The Galactic bulge does not rotate as a whole like a rigid body but
out of a certain radius the bulk velocity flattens (Rich et al., 2007). Thus I
assume that the rotation velocity vf,l;)t of the bulge grows linearly to 50 kms™*
out of a radius of 1 kpc from the Galactic center. Out of this radius, a flat

(0 _

o = b0kms~!. For disk stars, I compute

rotation curve is assumed, with v
the bulk (circular) motion self-consistently from the potential generated by
disk and bulge stars. For simplicity, the random motions of bulge and disk
stars are assumed isotropic, with dispersions aé”’ = 100 and aéd’ =25kms~!

which reasonably agrees with the values inferred from observations (Calchi

Novati et al., 2008, and references therein).

3.3.2 Updated distribution of neutron stars and black holes

In the previous Chapter I studied the dynamics of a population of disk neu-
tron stars born at a constant rate during the Milky Way life-time, assuming
a total of 10° objects, consistently with chemical abundances observed in
the Galaxy. As Ofek (2009) has pointed out, the total number of disk-born
neutron stars inferred from the present-day supernova rate and from the
star-formation history of the disk is < 4 x 10® (see also Keane & Kramer,
2008, and references therein). To explain this discrepancy, Ofek suggested
that the remaining neutron stars have been generated in the bulge.
Because I am dealing with the microlensing rate of compact remnants

toward the Galactic bulge, it is straightforward to think that a substantial
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contribution can come from bulge-born objects. Thus I run new simulations
of orbits, taking into account the the orbits of those neutron stars and black
holes born in the bulge.

The total number of compact remnants in the Milky Way can be esti-
mated by following the approach of Gould (2000). I adopt the initial mass
function proposed by Kroupa (2001), i.e. a triple power law model

—aoaxm ¢, a=03, 0.03<m<0.08
a=13, 0.08<m<0.5

a=23, 0.50<m<100. (3.9)

From the mass function, I estimate the number and mass fractions of each
stellar population, brown dwarfs, main sequence stars, white dwarfs, neutron
stars and black holes. I assume that all stars with m > 1 have evolved
through the remnant phase. This assumption gives only a gross estimate of
the number of disk stars that are now white dwarfs (1 < m < 8), because
not all stars above these mass had yet evolved up to the white dwarf phase.
On the other hand, this assumption is well justified for bulge stars, for which
the turn-off mass is < 1 My (Gould, 2000, and references therein), and in
particular for neutron stars and black holes, because the typical lifetime of
massive stars is much shorter than the age of the Galaxy. Hence, I assume
that stars with 1 < m < 8 are now white dwarfs, (myp = 0.6), while
stars with masses 8 < m < 40 and 40 < m < 100 are treated as neutron
stars (mys = 1.4) and black holes (mpy = 10), respectively. Results are
reported in Table 5.

The knowledge of the masses of the bulge and disk and the mass and
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Table 5: Number and mass fractions of the different stellar populations.
BD MS WD NS BH

number fraction 0.272 0.653 0.065 0.004 0.0004

mass fraction 0.059 0.744 0.157 0.023 0.016

number fractions of neutron stars and black holes allow to estimate the
total number of remnants born in the Galaxy. I obtain N](\l,’)s ~ 3.3 x 108,
NO ~ 32 x 107, N ~ 41 x 10% and N ~ 4.0 x 107, where the

superscripts (b) and (d) refer to the bulge and disk populations, respectively.

I run numerical simulations as in Chapter 2 to follow the orbits of 2 x 10°
bulge-born and 2 x 10° disk-born synthetic neutron stars and black holes. I
adopt a revised gravitational potential for both the Galactic bulge and disk,
obtained from superposition of Miyamoto and Nagai disks. The associated
density profiles are a close approximation of the density profiles assumed
for the bulge and disk of the Galaxy (Chapter 3.3.1). The parameters of
the dark matter potential are then fine tuned in order to obtain a circular

I at the solar circle (R, = 8.5kpc). The resulting

velocity of ~ 220km s~
escape velocity at the same radius is ~ 450 km s, that is ~ 17 percent lower
than what was assumed in the previous Chapter. For simplicity, I assume
that the gravitational potential of the bulge is axisymmetric.

The results obtained are then normalized to the corresponding number
of objects expected from each population and reported above. The initial

conditions for each object are randomly assigned using a Monte Carlo pro-

cedure.
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The integration time of each orbit depends on the birth location: for
the bulge, I assume that all remnants have an age of ~ 10 Gyr, while the
age of disk objects are uniformly distributed between 0 and 10 Gyr. In both
cases the radial birth probability is proportional to the corresponding density
profile of stars. I assume that the bulge and disk can produce remnants up to
3 and 15 kpc, respectively. The vertical birth probabilities are again assumed
proportional to the density of normal stars up to 3 kpc for the bulge and up
to 1 kpc for the disk. Because the distribution of evolved neutron stars
(and black holes) are insensitive to the initial distribution the azimuthal

coordinates are uniformly between 0 and 2 in both cases.

As in the previous Chapter, the initial velocity of each synthetic compact
remnant is the vector sum of its birth velocity plus the orbital velocity of
the progenitor. The orbital velocity of the progenitor is calculated from
the gravitational potential. Hereafter I adopt the Maxwellian distribution
proposed by Hobbs et al. (2005) with a dispersion o = 265kms™! for the

natal kicks.

The velocity distribution of black holes is poorly constrained, and it was
assumed that these objects have a dispersion of ~ 40kms™! (e.g. White &
van Paradijs, 1996). However, the discovery of black hole X-ray binaries
with high spatial velocities (Mirabel et al., 2001, 2002), suggests a similar
birth velocity distribution for both types of remnants. Hence, I assume the
same distribution of birth velocities for both neutron stars and black holes.

Finally, I also add a random component to the velocity of the progenitors.
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3.4 Results

3.4.1 Optical depth

From the results of new simulation runs described previously, I estimate the
microlensing optical depth (Equation 3.4) for different l.o.s. towards the
Galactic bulge. In particular I consider a 20° x 20° window centered at
(I,b) = (0°,0°), and study the dependence of 7 on the Galactic longitude
and latitude. I assume 100 percent detection efficiency and do not take into
account the effect of interstellar extinction nor do I apply any flux limit on
source stars. In this regard, I consider as sources only the stars in the main
sequence, because brown and white dwarfs are expectedly too weak to be

efficiently monitored by present surveys.

Figures 14 and 15 show the contour plots of the optical depth of normal
stars and compact remnants, respectively. For normal stars the optical depth
mostly depends on the Galactic latitude, because of the shape of the bulge
and the contribution of the disk. On the other hand, the dependence of 7,
from the longitude is weaker (compare this figure with Figure 1 of Calchi
Novati et al.). The optical depth of neutron stars and black holes instead
has a strong dependence on both the longitude and latitude. There is also
a noticeable asymmetry with respect to the Galactic center. The maximum
of the optical depth is shifted toward negative longitudes, [ ~ —2°. This
behaviour is due to the l.o.s. intercepting the far end of the Galactic bar
when looking towards negative longitudes. In this condition the geometry
of the source-lens system implies a larger Einstein radius, and hence larger

optical depth.

In Table 6 I report the optical depth of normal stars, neutron stars and

black holes for several specific l.o.s. in the selected window. The optical
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depth of normal stars is, for example, Tyqr ~ 0.94 x 107 toward the Baade’s
Window, (I,b) = (1°,—3°9), while towards (/,b) = (1°.50, —2°.68) and
(1,b) = (1°.50, —2°.75) the optical depth is ~ 1.43 x 107% and ~ 1.40 x 1076,
respectively. These values agree reasonably well with those found in the
literature.

Without accounting for the different kinematic properties, the contribu-
tion of neutron stars and black holes would be proportional to the mass
fraction of each sub-population. Also, it would not depend on the line of
sight. This translates in a contribution of ~ 2.3 and ~ 1.6 percent of the
total, for neutron stars and black holes respectively.

When the kinematic effects are considered, the optical depth differs from
what expected. The optical depth is slightly lower than the nominal value
obtained when the kinematics is not accounted for. Also, I find that the
contribution of remnants to the optical depth is mostly due to objects born
in the bulge, 7® /(7@ + 7)) ~ 0.84, where 7® and 7(® are the optical
depths of bulge-born and disk-born remnants, respectively. Because of their
larger mass, the contribution of black holes is only a factor ~ 1.5 lower of

that of neutron stars.

3.4.2 Rate of events and distribution of time-scales

I compute the expected distribution of event time-scales for different l.o.s.
towards the bulge. Results for the Galactic center and the Baade’s Window
are reported in Table 7 as examples. In general, microlensing events are
dominated by self-lensing of bulge low mass stars, these events having a
typical duration of ~ 15 — 20 days. As expected the rate of events drops

rapidly away from the plane, because of the decrease in the density of both
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Figure 14: Optical depth profiles of normal stars as a function of the Galactic
coordinates. Contour profiles are drawn at (0.5, 1.0,2.0,3.0) x 1075, Darker

grey levels indicate larger optical depth.
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Figure 15: Optical depth profiles of compact remnants as a function of the
Galactic coordinates, obtained from sum of the contributions from neutron
stars and black holes. Contour profiles are drawn at (0.5, 1.0, 3.0,6.0,8.0) x
1078,
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Table 6: Optical depth of normal stars, neutron stars and black holes to-
wards different l.o.s. The superscripts (b) and (d) refer to the sub-populations
of bulge and disk objects, respectively.

l.o.s. Tstar ’7'](\% 7'](\% T](Sbl){ Tg%
(1,b) [<107%] [x1078] [x107%] [x107% [x1078]

(1°,-3°.9) 0.94 1.51 0.31 1.05 0.21

(1°.5, —2°.68) 1.43 1.97 0.38 1.36 0.27

(1°.5, —2°.75) 1.40 1.93 0.37 1.33 0.26

sources and lenses. The relative contribution of compact remnants is however
increased with respect to the case with no kinematic effects. Indeed, I find
that the overall contribution of neutron stars rises from ~ 1 to ~ 5 percent,
while for black holes it becomes ~ 1 percent instead of ~ 0.2 percent.

The average duration of the events associated with remnants is lower by
a factor ~ 1.5, owing to the large velocities of these objects. The average
time-scale of the events is (tg) ~ 25 days instead of ~ 36 days for neutron
stars, while for black holes (tg) ~ 67 instead of ~ 95 days.

Intriguingly, the relative contribution of black holes increases with the
time scale. For events with duration longer than 100 days, this contribution
is ~ 40 percent (see Figure 8), while neutron stars account for ~ 10 percent

of the events.
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Table 7: Rates of events and average time-scales toward the Galactic center

and the Baade’s window.

lLo.s.
(0°,0°) (1°,—3°.9)
Fstafr 2.67 0.52
[x107° star ! yr~!]
<tE>staT 16 20
[days]
I'ns 1.47 0.40
[x107 % star~ yr—1]
(tg)Ns 25 28
[days]
Iy 0.38 0.10
[x107 % star— yr—1]
(ts) B 67 7

[days]
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Figure 16: Distribution of time scales for two different lLo.s., (I,b) = (0°,0°)
(top) and (I,b) = (1°,—3°.9) (bottom). Each panel shows the total contribu-
tion (solid) and those of normal stars (dotted), neutron stars (dashed) and

black holes (dot-dashed), respectively.
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Figure 17: Fractional contribution of neutron stars to the microlensing rate.
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contribution when kinematic effects are not taken into account.
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Figure 18: Fractional contribution of black holes to the microlensing rate.
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Table 8: Fractional contribution of neutron stars and black holes to the rate

of events. The l.o.s. are the same of Table 7.

l.o.s.

(0°,0°) (1°,—3°.9)

fns
All 0.05 0.07
(1 <logtp <2) 0.06 0.08
(logtp > 2) 0.10 0.09
fBH
All 0.01 0.02
(I1<logtp <2) 0.01 0.02
(logtp >2)  0.38 0.35

3.4.3 Comparison with previous simulations

The results regarding the distribution of neutron stars are now compared
to what reported in Chapter 2 and with the results of Ofek. I find that for
bulge neutron stars the evaporation from the Galaxy is highly inefficient,
that is, almost all bulge-born object are in bound orbits, fégind ~ 0.98,
because of the large gravitational force towards the inner part of the Milky
Way. The fraction of disk-born NSs in bound orbits is slightly lower than
what reported in the previous Chapter for the same velocity distribution,
fb(;lind ~ 0.63 because, as already pointed out, the escape velocity in the new
model is also lower. In total, ~ 20 percent of neutron stars evaporated from
the Galaxy.

These results are different from those obtained by Ofek (2009), for which
O~ 041 — 052 and fi9 ~ 0.13 — 0.16, for bulge and disk neutron

bound

stars , respectively, depending on the selected velocity distribution. The
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main reason is the difference in the gravitational potential adopted for the
Milky Way. In the model presented here the total mass of the Galaxy is
~ 102 M, (e.g. Xue et al., 2008), that is a factor ~ 7 larger than that
adopted by Ofek (2009). This translates into a larger fraction of neutron

stars is bound orbits.

Bulge-born objects dominate the density of neutron stars in the inner
part of the Galaxy, see Figure 19. In particular the density of ONS in the
Galactic center bulge can be as high as ~ 0.12pc~3, of which ~ 93 percent
have been generated in the bulge itself. The density of neutron stars in the

3

solar neighbourhood is ng ~ 3.3 x 107 pc3, of which only ~ 23 percent

comes from the bulge.

In the Galactic center the density of neutron stars reaches ngc ~ 0.12pc=3,
of which ~ 93 percent have been born in the bulge itself. These results are
similar to those of Ofek (2009), who obtained ngc ~ 0.2 — 0.3 pc™3, with
95 —97 percent of objects being bulge-born. The larger contribution of bulge
neutron stars to the density towards the Galactic center can be appreciated
for example in Figure 20, where the projected density within 12 kpc from
the Sun is ~ 7.3 x 10*deg™2 against ~ 6.7 x 10% deg=2 of disk-born neutron

stars.

In the case of black holes , because we assumed that they have the same
kinematic properties of neutron stars, the density can be easily inferred
from that of neutron stars, recalling that the number ratio between black
holes and neutron stars should be ~ 0.1, as calculated from the initial mass

function.
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Figure 19: Density profiles of neutron stars in the Galactic plane. Solid,

dotted, and dashed lines represent the total, bulge, and disk contributions.
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Figure 20: Aitoff projection of the sky density of neutron stars within 12
kpc from the Sun, for bulge-born (upper panel) and disk-born (lower panel)
objects. Contour profiles are drawn at (10,102,103, 10%) deg™2, respectively.
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3.5 Discussion of the results

The results presented in this Chapter are published in Sartore & Treves
(2010). These results underline that the population neutron stars and black
holes born in the Galactic bulge may account for a large fraction of the
compact remnants in the Milky Way. Even if born with large kick velocities,
they are deeply buried in the potential well of the Galaxy and lay in the bulge,
or close to it. Thus they give the major contribution to the microlensing rate
towards the bulge itself.

So, the net effect of these large velocities, notwithstanding the decrease in
the optical depth due to evaporation from the Galaxy of the fastest objects,
is an increase of the event rate and a decrease in the typical time-scale of
the events. Yet, the relative contribution of neutron stars and black holes
is greater for increasing time-scales. Intriguingly, for durations = 100 days,
~ 30 — 40 percent of the events observed could be related to black holes.

Up to date, thousands of events have been observed toward the Galactic
bulge by the various surveys (Moniez, 2010). Thus, the results presented here
suggest that at least several hundreds of events related to neutron stars and
black holes could be already present in the catalogues. These are likely to
be hidden among long-duration events. An an excess of long-duration events
has indeed been reported by Popowski et al. (2005). These event are likely
to be generated by compact massive objects, like compact remnants.

The basic problem is therefore to discuss a procedure to distinguish iso-
lated compact remnants from normal stars that are responsible for the mi-
crolensing events. As stated in Chapter 1 the only source of steady luminosity
for isolated neutron stars and black holes suggested thus far is accretion from
the ISM (e.g. Ostriker et al., 1970; Treves & Colpi, 1991; Blaes & Madau,
1993; Agol & Kamionkowski, 2002). Accretion onto black holes is favoured
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with respect to neutron stars, because they are more massive and do not
have a magnetic field that can hamper the accretion flow. However, they are
far less numerous than neutron stars.

All these considerations should be revisited, because we now consider
the remnants in the bulge. The magnetic field of neutron stars and the
properties of the ISM are different from what was discussed so far (e.g. Zane
et al., 1996). One should first calculate a realistic X-ray luminosity (see
e.g. on this line Boldin & Popov, 2010, and references therein), corrected
for absorption, and then compare with present and future X-ray missions.
The advantage with respect to a blind search of isolated compact remnants
is that microlensing events give a precise location of the object.

If these calculations are correct, microlensing could be the only way to
probe the velocity distribution of isolated black holes , which has not yet
been constrained.

To test these results, in the following Chapter I present a search for

candidate black hole lenses among the catalogues of microlensing events.
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4 COUNTERPARTS OF CANDIDATE
BLACK HOLE LENSES

The large statistics available for microlensing events implies that many
events related to black holes should be present in the catalogues. However,
the nature of these black hole candidates has to be assessed with indepen-
dent methods. The mass estimated from microlensing events is in general
affected by large uncertainties, given the degeneracy of the time-scale with
input parameters like the mass of the lens and the geometry of the source-
lens-observer system, that is, on the relative positions and velocities. On
the other hand, the detection of X-rays coming from the position of the
microlensing event would be a strong hint for the presence of a compact

object.

A search for the X-ray counterpart of one of the most promising black hole
candidates detected through microlensing has been performed by Nucita et
al. (2006, see also Agol & Kamionkowski 2002). However, a 100 ks pointing

of XMM-Newton gave no results down to a limiting flux ~ 10~ ergs™!.

In this Chapter I describe the method and the results of a cross-correlation
analysis of long duration microlensing events with the X-ray catalogues of
XMM-Newton and Chandra satellites, in order to find isolated black hole
candidates with X-ray counterparts. These results have been recently sub-

mitted for publication (Sartore & Treves, 2011).
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4.1 Method

4.1.1 Catalogues of microlensing events

This search is based on the public data of the OGLE, MACHO and MOA
collaborations available on the World Wide Web. Following the results of
the previous Chapter, I select only events with time-scale longer than 100
days. The OGLE data?® were collected with the Early Warning System (EWS,
see Udalski, 2003) from 1998 to 2009 and correspond to the OGLE-II and
OGLE-III phases of the survey. The number of events detected in the first
year (1998) was 41, of which none had a duration longer than 100 days while
e.g. in 2008 the number of events detected was 654 with 38 events longer
than 100 days. The total number of events from OGLE is 4117, of which 177

fall in our range of interest.

The MACHO survey data* were collected from 1993 to 1999 and contain
528 bulge events reported by Thomas et al. (2005) plus the Red Clump Giants
events reported by Popowski et al. (2005), totalling 567 events. Of these, 69

are longer than 100 days.

The MOA survey® started in 2000, and in 2006 in entered in its sec-
ond phase. While the number of events detected in 2000 was barely 8,
the current detection rate is similar to that of the OGLE-III survey, i.e.
~ 500 — 600 events yr~!. The number of events detected by MOA up to 2010

is 2622, of which 268 show times-scales longer than 100 days.

3hitp://ogle.astrouw.edu.pl/
Lhttp:/ /wwwmacho.memaster.ca/
Shittp://www.phys.canterbury.ac.nz/moa,/
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4.1.2 Catalogues of X-ray sources

I search for X-ray counterparts of the selected sample of microlensing events
in the version 1.2 of the second XMM-Newton Serendipitous Source Cata-
logue (2XMM hereafter, Watson et al., 2009) and in the version 1.1 of the
Chandra Source Catalogue (CSC hereafter, Evans et al., 2010).

The most recent version of the 2XMM catalogue® has been released in
April 2010. It contains data of 191870 unique sources with a median flux
(in the 0.2 - 12 keV band) ~ 2.5 x 107" ergs™' em™2, with 20 percent of the
sources having fluxes below 10~ ergs cm=2.

The CSC catalogue, released in August 20107, covers approximately 320
square degrees of the sky at the 107 ergs™ cm™2 flux limit (0.5 - 7.0 keV
band). The sky coverage drops to ~ 6 square degrees for a flux limit of

107 ¥ ergs~tem—2.

The total number of unique sources contained in the
catalogue is 106586.

Most of microlensing events towards the bulge occur in a region of 20° x
20° around the Galactic center, —10° < [ < 10° and —10° < b < 10°. The
number of XMM-Newton pointings in this area is ~ 250. This correspond,
considering the 30’ x 30’ field-of-view of the EPIC instruments, to ~ 50 deg?.

The area covered by Chandra in the same region is expected to be of the

same order of magnitude, see Figure 21.

4.1.3 Cross-correlation analysis

Given the large uncertainties affecting the expected observational appear-
ance of old isolated neutron stars and black holes, no particular spectral or

variability criteria is applied on possible X-ray counterparts. Nevertheless,

Shttp://zmmssc-www.star.le.ac.uk/Catalogue/zcat_ public_ 2XMM.html.
Thttp://cxc.harvard.edu/csc/.
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Figure 21: Sky position of the X-ray sources towards the bulge for the 2XMM

(top) and CSC (bottom) cataloguess, respectively.
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we get rid of spurious sources in the 2XMM catalogue by selecting only those
with SUM FLAG = 0, i.e. those for which none of the warning flags of the
EPIC instruments were set. These flags indicate the probability of a detected
source to be spurious.

For the CSC catalogue there is no similar flag, but the estimated number
of spurious sources is expected to be less than one in every field with 100
kiloseconds of integration. Thus, our matching criterion is based only on the
positional coincidence of the long time-scale microlensing events with the
X-ray sources of the 2XMM and CSC catalogues.

The cross-correlation routine computes the projected distance between
the selected microlensing events and the entries of both the 2XMM and
CSC catalogues. A positive match is found when a microlensing event lies
with the 30 error circle of an X-ray source.

Positional errors of single sources are taken from the respective catalogues.
The positional error of 2XMM sources (POSERR column) already accounts
for systematic errors. The total 1o uncertainty is calculated as the root mean

square of sum of the statistical and systematic errors (Watson et al., 2009)

POSERR = \/RADEC _ERR?+ SYSERR?. (4.1)

For CSC sources, to take into account the systematic error (0.16 arc-sec)

I use the equation suggested by the CSC team

err_ell 1ot = 2.4477467 X \/0.1669041 x (err_ell _rgcat)? +0.0256.
(4.2)
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Typically, the statistical error for on-axis CSC sources is ~ 0.2 arc-seconds
while for off-axis sources at 14 arc-minutes is ~ 3.5 arc-seconds.

I assume that positional errors of microlensing events are of o7, ~ 1.5
arc-seconds for all the microlensing events. Thus, the resulting radius of
the error circle is the root mean square of the X-ray source and microlensing

event positional uncertainties

o=/0%; +0%. (4.3)

4.2 Results of the cross-correlation

The cross-correlation analysis returned a single positive match in the 2XMM
catalogue. The associated lensing event was observed in 2004 by both the
OGLE and MOA surveys and is identified as OGLE 2004-BLG-81 and MOA
2004-BLG-3, respectively. The duration of the event reported by the OGLE
team is ~ 103.63 days. However, the light curve is poorly fitted by standard
lensing models. Wyrzykowski et al. (2006) found that the baseline of the
source star, i.e. the magnitude outside the microlensing event (I~ 17) has
a suspected periodicity of ~ 3.9 days, thus pointing to an eclipsing binary.
In particular, the shape of the folded light curve points to a contact binary
system. This fact would suggest that the event is correlated to a cataclysmic
variable (CV) rather than to gravitational microlensing.

To add more confusion, the MOA team reports a baseline I ~ 8 (sic!),
a duration of ~ 6.73 days and amplification very close to unity, A ~ 1.002.
However, a visual inspection of the stellar field does not confirm the presence

of such a bright star, whose image would have been affected by diffraction.
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Thus, I rely on the OGLE data to characterize the event.

The X-ray source associated with the microlensing event, 2XMM J180540.5-
273427 (J1805 hereafter), has been serendipitously observed during a point-
ing of MACHO-96-BLG-5, another black hole candidate detected through
microlensing (Bennett et al., 2002; Nucita et al., 2006). The positional un-
certainty of the source is ~ 2 arc-seconds and it lies at ~ 0.5 arc-seconds
from the position of the microlensing event.

The X-ray properties of the source have been retrieved with the XCat-
DB web interface (Motch et al., 2009). The total number of counts is
312.744 (£0.001) (0.2 - 12 keV band) corresponding to a flux of 3.39 (£0.78) x
107" ergs !t em—2.

I report the fluxes on the different EPIC bands and the relative hardness
ratios as given in the XCat database (Table 9). Neglecting photoelectric ab-
sorption, the luminosity in the 0.2-12 keV band is ~ 3.8 x10%° (D /kpc)? ergs™!,
where D is the distance of the X-ray source in kiloparsec. If J1085 is a mas-
sive object responsible for the magnification of a bulge star (d ~ 8 kpc), then
it should be placed at an intermediate distance and its X-ray luminosity

should be lower than ~ 10*?ergs!.
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Table 9: Observed properties of the X-ray source 2XMM J180540.5-273427.
Data are retrieved on the XCat database. Hardness ratios are calculated as
described in Watson et al., with the lower energy band corresponding to the

position in the table.

Energy Band Flux Hardness ratio
[keV] [x10 ergs™ cm™2]
0.2-0.5 0.002 £ 0.001 0.982 + 0.268
0.5-1.0 0.034 £ 0.027 0.738 £ 0.141
1.0-2.0 0.298 £ 0.050 0.132 £ 0.100
2.0-4.5 1.20 £ 0.146 —0.356 £ 0.157
4.5-12 1.73 £0.762
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Figure 22: Finding chart of the OGLE 2004-BLG-81 event. Source: OGLE

web page.
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Figure 23: Light curve of the OGLE 2004-BLG-81 event. Solid line represents
the best fit of the light curve. Source: OGLE web page.
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4.3 The nature of 2XMM J180540.5-273427

The small angular separation (~ 0.5 arc-seconds) between the position of
the microlensing event OGLE 2004-BLG-81 and J1805 is well below the 1o
positional uncertainty of the X-ray source makes the association highly likely.
Thus, if J1805 is actually a black hole, it would prove that microlensing
surveys can detect isolated compact objects. However, there are a number
of uncertainties than need to be addressed to confirm the claim.

First, as Wyrzykowski et al. have pointed out, nature of the microlensing
event itself is unclear. The fact that the source star is a contact binary would
indicate a cataclysmic variable (CV). However, the duration of the putative
outburst is longer than those of classic CVs and the shape of the light curve
is different too, thus challenging the CV hypothesis (see e.g. Kuulkers et
al., 2003). Then, the symmetry of the light curve still favours microlensing
scenario.

Even so, the very nature of the X-ray source J1805 is poorly constrained
as well. The small number of photons collected does not allow a good char-
acterization of the spectrum. The hardness ratios are positive at low energies
and change sign between 2 and 4.5 keV. This fact would suggest a hard or
highly absorbed spectrum. A hard spectrum would rule out a neutron star
as accreting object since its temperature is expected to be below ~ 1 keV.

Thus, if J1805 is an isolated compact object, it should be a black hole.
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5 SUMMARY AND CONCLUSIONS

In this thesis I dealt with the observability of the population of isolated
neutron stars and black holes which is expected to be housed in the Milky
Way.

To this purpose, I first developed a Monte Carlo-based population synthe-
sis code, in order to simulate the orbits of neutron stars in the gravitational
potential of the Galaxy and so to constrain their distribution in phase-space.
The results obtained with the code can be summarized as follows.

A non negligible fraction, ~ 30 percent, of the neutron stars born in the
Galactic disk have definitely escaped from the Milky Way. Since the mass
of the Galaxy has probably increased during the cosmic time, while the star
formation rate has likely decreased, neutron stars born in past epochs had
greater probability to escape. Thus, the escape fraction reported in Chapters
2 and 3 are lower limits of the true value. Accordingly, the reported values
of the surface and spatial densities should be considered as upper limits.

Only less than 20 percent of bound neutron stars is currently found within
200 pc from the Galactic plane, where most of the ISM is found. Typical

L and imply accretion

velocities of these objects are around 150 — 200 km s~
luminosities ~ 3—4 orders of magnitude lower than those inferred in previous
studies. Neglecting photoelectric absorption, the resulting X-ray fluxes are
below the sensitivity limits of the ROSAT survey, even for very close objects.

Neutron stars and black holes born in the bulge account for roughly half
of the compact objects in the Milky Way. They are almost all in bound orbits
because, being deeply buried in the potential well the the Galaxy, they have
a much lower escape probability than disk neutron stars and black holes.

From the perspective of an observer at the Earth’s position, both populations

cluster in the direction of the Galactic bulge, where the more dense Galactic
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stellar fields lay. Therefore, neutron stars and black holes can give a non-
negligible contribution to the microlensing rate. Indeed, thanks to their large
velocities, neutron stars and black holes account for ~ 5 — 10 percent of the
total rate of microlensing events towards the bulge. In particular, events
related to neutron stars and black holes have on average duration longer
than those due to normal stars and can account for ~ 40 percent of the events

with duration longer than 100 days.

Thus, microlensing reveals itself as a new, powerful method to find neu-
tron stars and black holes in isolation. Neutron stars and black holes can
be detected independently from their intrinsic emission properties and their
position in the sky would be known with great accuracy. The only drawback
is the uncertainty on the mass of the lens. A confirmation of the nature of
neutron star/black holelenses is therefore needed and could come from the
observation of counterparts at other wavelengths, for example in the radio

or X-ray domains.

A cross-correlation between the catalogues of microlensing events and X-
ray sources available returned a single black hole candidate, 2XMM J180540.5-
273427, which lies within ~ 0.5 arc-seconds from the microlensing event
OGLE 2004-BLG-81, but the nature of both the X-ray source and the mi-
crolensing event have few constraints. It should be noted that, even if the as-
sociation between OGLE 2004-BLG-81 and 2XMM J180540.5-273427 would
not be confirmed, the argument that a large fraction of long duration events
are related to black holes is still valid. The expected flux from an isolated
black hole or neutron star depends on many unknown quantities: the veloc-
ity of the collapsed object, the density of the ISM, the photoelectric absorp-
tion etc. (see e.g. Chapter 1). Therefore, it is not straightforward to use the

absence, or paucity, of correlation between X-ray sources and microlensing
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events as a constraint on so many parameters.

In the next years a substantial enlargement of the catalogs of microlensing
events and X-ray sources is expected. In particular the eROSITA mission,
which should be launched shortly, will make a survey of the entire sky, which
in the soft X-ray band (0.5 - 2 keV) will be 30 times more sensitive than
ROSAT. At the same time, deep systematic exposures with Chandra and
XMM-Newton, of the most promising microlensing events, chosen mainly
on the basis of the duration, will also help to set stronger constraints on the

flux of accreting isolated compact objects.
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A Coefficients of the fits

I give here the best fit parameters for the surface density of the disk (Table
10), the distribution of heights above the Galactic plane (Table 11) and the
cumulative velocity distributions in the disk, both in the reference frame at
rest with Galactic center sand the frame corotating with the Galactic disk

(Table 12).
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Table 10: Surface density of the disk.

Model 1A 1B 1C 1D 1IE  1A* 1B* 1C* 1D*  1E*
agp 6.09 6.48 6.51 6.60 6.54 6.24 6.57 6.57 6.66 6.61
a, -2.54 -2.58 -3.08 -2.79 -1.74 -2.47 -2.41 -2.84 -2.68 -1.83

[x1071]
as 1.40 157 237 183 032 1.06 120 1.96 1.79  0.58

(X107
as -5.69 -8.06 -12.70 -9.20 -2.28 -2.99 -5.25 -10.22 -10.07 0.13

[x107]

ay 090 1.67 259 1.82 -0.34 0.22 1.00 211 2.25 0.34
[x107°]
Table 11: Distribution of heights.

Model 1A 1B 1C 1D 1E 1A* 1B* 1C* 1D* 1E*
bo 142.3 875 123.1 929 1127 122.7 73.7 1155 91.5 1074
by .12 120 116 1.22 1.22 1.14 125 117 124 1.24
by -136.3 -83.7 -120.0 -91.0 -111.9 -117.1 -70.6 -112.7 -89.9 -106.8
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Table 12: Cumulative velocity distribution in the disk.

Model 1A 1B 1C 1D 1E 1A* 1B* 1C* 1D* 1E*

Vo 214.1 2074 201.1 200.1 207.2 2445 241.2 2325 2325 238.6
[kms™!]

n 398 456 4.05 463 809 403 484 416 485 821

m 3.98 456 4.05 4.63 809 4.03 484 416 485 821

Model 1A 1B 1C 1D 1E  1A* 1B* 1C* 1D* 1E*

v, 162.4 130.5 169.4 133.5 57.1 178.7 139.7 182.3 1419 644
[kms™!]

n' 3.35 333 277 257 192 334 335 270 250 1.94

m’ 235 333 276 257 192 334 335 270 250 1.94
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