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X-ray binaries and star formation

M R Gilfanov

1. Introduction

Progress in X-ray astronomy gave rise to a new method for
estimating the star formation rate in distant galaxies using the
measurement of their X-ray emission [1, 2]. X-ray observa-
tions of nearby galaxies demonstrated that if a galaxy does
not show activity from the nucleus (i.e., if the rate of gas
accretion onto the central supermassive black hole is low), its
X-ray radiation is mainly due to X-ray binaries. Studies of
high-mass X-ray binaries in our Galaxy and in nearby
galaxies by the X-ray observatories Chandra, XMM-New-
ton (X-ray Multi-Mirror Misson), INTEGRAL (INTErna-
tional Gamma-Ray Astrophysics Laboratory), and ASCA
(Advanced Satellite for Cosmology and Astrophysics), by the
Kvant module of the ‘Mir’ Space Station, etc., have allowed
finding the dependence of the number of X-ray binaries on
the star formation rate of young stars in these galaxies.

It is well known that neutron stars and black holes are end
products of the evolution of stars with masses exceeding
~ (8—10) M, (see, e.g., [3, 4]). Accretion onto these compact
objects leads to an energy release comparable to their rest
mass energy per unit mass of accreting gas, i.e., Lx = n Mc2,
with the efficiency n ~ 0.1—0.2. If these objects are in binary
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systems, and the secondary star (typically, a main-sequence
star, a subgiant, or a giant) either fills its Roche lobe or
intensively loses mass via powerful stellar wind, the accretion
of matter from the secondary leads to the appearance of a
bright compact X-ray source—an X-ray binary. X-ray
binaries are usually subdivided into two classes according to
the mass of the donor star: high-mass X-ray binaries
(HMXBs) and low-mass X-ray binaries (LMXBs). These
two classes are separated by the poorly populated region
from~ 1 M, to ~ 5 M, in which there are virtually no bright
stationary X-ray sources. The difference in the donor star
mass determines the difference in the characteristic time
scales of these systems. In the case of massive donors, the
longest time scale, which is determined by the nuclear
evolution of the star, does not exceed several dozen million
years [3]. This scale is comparable with the characteristic
duration of a star-formation episode; therefore, it is natural
to expect that the number of such systems in a galaxy is
proportional to the star formation rate (SFR) [1, 2, 5]:

Numxs , Lx amxs o< SFR. (1)

The evolution of low-mass stars, by contrast, is determined by
the rate of loss of orbital angular momentum or the nuclear
evolution time scale of the low-mass star, which is usually
~ 1—10 billion years [4]. Therefore, it is expected that the
number of such systems in a galaxy is determined by the total
mass of stars in the galaxy:

Nimxs s Lx tmxs o< M, . (2)

Classical methods of estimation of the star formation rate
in a galaxy are based on measurements of the total emission
from massive stars. Due to a relatively short lifetime, the
number of massive stars in a galaxy can characterize the star
formation rate. The radiation from massive stars can be
directly measured in the ultraviolet band or by the effect of
its interaction with the surrounding interstellar medium, for
example, using infrared emission from dust or H, emission of
hydrogen ionized by the ultraviolet emission of massive stars.
The link between the luminosity of this radiation and the
formation rate of massive stars is determined theoretically
using models of population synthesis of stellar evolution (see
review [7]).

The need to take corrections due to interstellar absorption
into account is a major difficulty of traditional methods.
Uncertainties in the parameters of the interstellar medium, its
optical depth, and its dust content make the estimation of the
fraction of the primary ultraviolet radiation transformed into
infrared emission highly uncertain; in particular, this fraction
can depend on the type of galaxy and its specific star
formation rate. Another difficulty is due to the cosmologi-
cal redshift, which shifts the emission frequency outside the
convenient optical bands; this hampers the application of
classical methods to studies of distant galaxies with high
redshifts. Therefore, the appearance of a new method,
which is based on the X-ray emission of accreting neutron
stars and black holes, is important for testing and calibrat-
ing traditional methods, as well as for broadening their area
of application.

An important feature of the new method is its weaker
dependence on the interstellar absorption. Indeed, attenuat-
ing a 3 keV emission twofold requires the hydrogen column
density (the hydrogen density integrated along the line of



July 2013

Conferences and symposia 715

sight) Ny ~ 5x10??> cm~2, which corresponds to huge absorp-
tion in the optical band (A4y ~ 30).

Due to the large free path of X-ray photons in a rarefied
medium, the X-ray emission from star-forming galaxies
played an important role in the ionization balance of the
intergalactic medium during the reionization epoch, in
particular, in the formation of the hydrogen 21 cm line. To
calculate the reionization of the intergalactic medium by the
emission from the first stars, galaxies, and quasars, and to
interpret observations on the 21 c¢cm hydrogen line, it is
critically important to precisely know the specific X-ray
emission of star-forming galaxies, Lx /SFR, and its behavior
at high redshifts (see review [8]).

Currently, the formation and evolution of X-ray binaries
cannot be modeled from first principles. Some critically
important evolutionary stages, such as the common envelop
stage, are poorly understood, and many initial parameters,
including the distribution of masses of companions and
orbital periods, are inferred from observations with consider-
able uncertainty. In theoretical population synthesis calcula-
tions (see review [4]), these quantities are described using
simplified models and parameters, such as the common
envelop efficiency, a flat form of the distribution of the mass
ratio of components, etc. Observations of X-ray binary
populations in external galaxies, measurements of their
specific luminosity, the determination of the relation between
the number of sources and the recent star formation history,
and the measurement of the X-ray luminosity function of
X-ray binaries of different types can directly probe the theory
of binary star evolution and test population synthesis models.

X-ray observations of nearby and remote galaxies are
required in order to construct the luminosity function of
X-ray binaries and to establish the relation between their
X-ray luminosity and the star formation rate. To apply this
method for high-redshift galaxies, its dependence on redshift
should be found. Such observations were carried out in the
framework of an extensive program of X-ray studies of
galaxies with different morphological types (old and young)
[1, 2, 6,9-13]. Using data obtained by the space observatories
Chandra, GALEX (GALaxy Evolution Explorer), Spitzer,
and HST (Hubble Space Telescope), and by the 2MASS (Two
Micron All Sky Survey) sky survey, more than 100 galaxies of
different morphological types were studied in the X-ray,
ultraviolet, and far and near infrared bands. These galaxies
have stellar populations with different ages and star-forma-
tion histories. The main results of these studies are reported in
what follows.

2. Relation of the X-ray binary population
to the star formation rate
and the total mass of stars in a galaxy

The simple qualitative picture of the relation between the
population of X-ray binaries and the star formation rate,
presented in the Introduction, was formulated in the 1970s[5],
and the first rough observational tests of this relation were
obtained at the early 1990s [14]. However, precise verification
of the theory became possible only with the launch of the
Chandra X-ray observatory. Due to the high angular
resolution of approximately 0.5 arc seconds, which is unique
for X-ray astronomy, the Chandra orbital observatory is able
to resolve and study populations of compact X-ray sources in
external galaxies up to distances of ~ 30-100 Mpc. This
feature has allowed ‘taking a census’ of X-ray binaries in the

external galaxies in a way similar to the Milky Way (which
was made by instruments with a much coarser angular
resolution [15, 16]). In particular, it became possible to
construct luminosity functions of compact X-ray sources, to
measure their total X-ray luminosity, and to separate the
X-ray emission of compact sources from diffuse X-ray
radiation of the interstellar gas.

Star-forming galaxies typically also have some relatively
old stellar population, including low-mass X-ray binaries
whose X-ray emission is not related to the current star
formation. In an external galaxy, it is virtually impossible to
distinguish a low-mass binary from a high-mass X-ray binary
by optical observations, with the exception of the nearest
galaxies. The contributions from these two types of X-ray
binaries are proportional to the star formation rate and stellar
mass, and therefore minimizing the contribution from low-
massive binaries requires selecting galaxies with a sufficiently
high specific star formation rate. As shown in [1, 2], the
threshold value of the specific star formation rate should be
SFR/M, > 10710 yr= 1,

For our analysis, we selected about 30 nearby galaxies
(distances D < 40 Mpc) observed by the Chandra satellite in
X-rays, and the GALEX and Spitzer satellites in the
respective ultraviolet and infrared bands. The Chandra data
were used to determine X-ray fluxes and the total number,
luminosities, and luminosity function of compact X-ray
sources; the ultraviolet and infrared data were used to
estimate the star formation rate as described in [2]. The
obtained dependence is shown in Fig. la. This figure clearly
shows the direct proportionality between the total luminosity
of high-mass X-ray binaries and the star formation rate in a
given galaxy. The power-law approximation yields log Lx =
log K+ ff logSFR with the best-fit slope f=1.01 +0.11,
which is consistent with unity [2].

In a similar way, we have selected about 30 nearby early
type galaxies (mostly elliptical), in which the age of stellar
populations exceeds several billion years and the population
of compact X-ray sources mainly includes low-mass X-ray
binaries. Using this sample, we studied the relation between
the total X-ray luminosity of low-mass X-ray binaries with the
total stellar mass M, of a given galaxy. The result is presented
in Fig. 1b, which demonstrates that in this case, too, the data
are in good agreement with the linear law Lx o M, [6].

Thus, based on the Chandra observations of a large
sample of nearby galaxies, we have obtained the following
scaling relations for the X-ray luminosity and the number of
HMXBs and LMXBs:

Lx umxs ~ 2.5 x 10 SFR,  Npmxs ~ 13SFR, (3)
M M

L ~ 1.0 x 10 : N ~14—* (4

X,LMXB X 10000, LMXB 10100, (4)

where Lyx is the total X-ray luminosity of the binary
population of a given type in the 0.5-8.0 keV range, Ny is
the number of X-ray binaries with X-ray luminosity
exceeding Lx > 10%7 erg s™!, SFR is the star formation
rate in units Mg yr~', and M, is the stellar mass of the
studied galaxy [1, 2, 6].

3. Time evolution of the population
of high-mass X-ray binaries

Simple considerations that follow from the theory of
formation and evolution of binary systems suggest that the
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Figure 1. The total X-ray luminosity of X-ray binaries as a function of the star formation rate and stellar mass of the host galaxy. (a) Star-forming galaxies
in which young stellar population is dominated by high-mass X-ray binaries; the number of high-mass X-ray binaries is proportional to the star formation
rate. For comparison, also shown are data for luminous and ultra-luminous infrared galaxies (LIRG — Luminous Infrared Galaxy, ULIRG — Ultra-
Luminous Infrared Galaxy) (triangles) and distant star-forming galaxies detected by the Chandra observatory in the Hubble Deep Field North (HDFN)
survey (dots). These galaxies have not been resolved by Chandra, and therefore the total luminosity, which includes both X-ray emission from unresolved
compact sources and diffuse gas radiation is shown for them. (b) Data for elliptical galaxies in which the star formation ended several billion years ago and
only low-mass X-ray binaries remained. Their population is determined by the total stellar mass of the host galaxy. The straight lines show linear fits.

(Based on observations of the Chandra X-ray Observatory [2, 6, 12].)

relation between an X-ray binary population and star
formation must be more complicated than the purely linear
dependence in (3). Indeed, the lifetime of even the most
massive stars with a mass ~ 100M is =3 Myrs. This
determines the time of formation of the first black holes in a
galaxy. Clearly, X-ray binaries cannot appear earlier than the
first compact remnants of stellar evolutions. On the other
hand, the lifetime of a star with the mass 8 M, the lower mass
limit for a neutron star progenitor, is =~ 40 Myrs. The longest
evolutionary time scale of massive binaries is determined by
the lifetime of stars with the mass ~ 5My, which is
~ 100 mln years [17]. Hence, it is natural to expect that the
population of high-mass X-ray binaries evolves on the time
scale of 100 Myrs.

The number of X-ray binaries that are active at some time
t is determined by the total contribution from systems with
different ages according to the recent star formation history,
SFR (¢ — 1), and the function #yyxp(7) that describes the
dependence of the number or X-ray binaries on time 7 since
the moment of star formation:

Ninax(1) = jSFRa ) e () de. (5)

Obviously, different star clusters in a galaxy have different
star formation histories, and therefore relations (3) may not
hold on the angular scales corresponding to individual star-
forming regions, and the angular distribution of high-mass
X-ray binaries does not correlate with star formation
indicators, such as H, emission distribution [18, 19]. The
existence of universal relations (3) is the result of averaging
the function nyxp(t) over star forming regions of different
ages. At least a fraction of the dispersion of points in the
observed relation Ly — SFR (see Fig. 1) can be due to
different age distributions of stellar populations, i.e., due to
different star formation histories (another part of the
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Figure 2. The number of high-mass X-ray binaries as a function of time
after a star-formation event. The plot is produced using X-ray and optical
observations of the Small Magellanic Cloud. The number of high-mass
X-ray binaries is normalized by the total mass of massive stars with
M, = 8M, formed. The solid curve corresponds to a model based on the
rate of supernova explosions. The two vertical dashed lines respectively
show the times of the formation of the first black hole and the last neutron
star, calculated from the standard theory of single star evolution. (From

paper [10].)

dispersion may be related to different metallicities of star-
forming regions [2]).

Comparing the angular distribution of high-mass X-ray
binaries with the spatially resolved star formation history in a
galaxy, allows determining the function 7y,,xg (7) experimen-
tally. This was first done in [10], where the spatially resolved
star formation history of the Small Magellanic Cloud was
derived from the photometric survey of Magellanic Clouds
[20], and the spatial distribution of high-mass X-ray
binaries was determined using XMM-Newton X-ray observa-
tions. By solving the inverse problem presented by Eqn (5),
the Green’s function #ny\xg(t) shown in Fig. 2 was found.
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The obtained dependence significantly differs from type-II
supernova explosion rate and is consistent with the general
considerations outlined above: the number of high-mass
X-ray binaries reaches a maximum 20-50 Myrs after the star
formation event, i.e., much later than the maximum of the
supernova explosion rate. This is clearly due to the evolution
of the companion stars, whose evolutionary time can be as
long as ~ 100 Myrs for a single star with a mass ~ 5M
(ignoring evolutionary effects in a binary system).

When interpreting these results, it should be borne in
mind that the function #,xg(7) depends on the threshold
luminosit, above which X-ray sources are selected. In the
analysis by Shtykovsky and Gilfanov [10], a low luminosity
threshold was used, so weak X-ray sources (predominantly
Be/X-ray binaries) dominate in the sample, and binaries with
black holes and O/B donor stars are absent. Due to a
sufficiently flat luminosity function (see below), the latter
systems determine the total luminosity of the typical star-
forming galaxy (see Fig. 1). Because of the shorter lifetime of
more massive O/B stars, the characteristic evolutionary time
of such systems is smaller, and the corresponding peak of
their population will be shifted to earlier times, i.e., the
function #yyxg () for brighter sources will have a different
form. Unfortunately, experimental determination of this
function using the Magellanic Cloud is impossible due to the
low star formation rate and the absence of bright X-ray
sources (see Section 6), and a similar analysis for galaxies
with high star formation rates is more complicated due to
difficulties in the determination of the spatially resolved star
formation history in remote galaxies.

4. Luminosity functions of X-ray binaries

The uniquely high angular resolution of the Chandra X-ray
Observatory allows us to construct luminosity functions of
X-ray binaries in galaxies, and its sensitivity allows detecting
objects with a luminosity as low as ~ 10> —10% erg s~!.
Observations of a large number of nearby galaxies within
~ 30-50 Mpc have shown that luminosity functions of
compact X-ray sources in different galaxies have approxi-
mately the same shape and differ only by normalization. The
shape of luminosity functions in young and old galaxies is
different, and the normalization is respectively proportional
to the star formation rate and stellar mass. In the first
approximation, these findings suggest universal luminosity
functions of high-mass and low-mass X-ray binaries. The
average luminosity functions are shown in Fig. 3.

Figure 3 demonstrates that the luminosity functions of
high-mass and low-mass X-ray binaries have radically
different forms. This is due to different mechanisms of mass
transfer in these types of binaries. In most high-mass binaries,
accretion onto a compact star proceeds from the stellar wind
of a massive optical companion. In this case, the luminosity
function of X-ray binaries is mainly determined by the donor
mass distribution [21], which leads to the formation of a
power-law distribution [1, 2]

dNumxs _16
——— x SFR Ly " 6
dLX x X ( )
In low-mass binaries, the mass exchange between the binary
components occurs through the inner Lagrange point due to
the Roche lobe overflow. The luminosity function in this case
is mainly determined by the orbital parameter distribution of
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Figure 3. Luminosity functions of compact X-ray sources in star-forming
(young, HMXB) and elliptical (old, LMXB) galaxies. In star-forming
galaxies, high-mass X-ray binaries prevail in the compact X-ray sources
population, while in old galaxies, low-mass X-ray binaries dominate.
The luminosity functions are respectively normalized by the star
formation rate SFR = 10M,, yr! and the stellar mass M, = 10'" M.
(From papers [2, 6].)

these binaries. This leads to a complex shape of the
luminosity function with two breaks at log Lx ~ 38.5 and
log Lx ~ 37.0—37.5. The first break, which occurs close to
the Eddington luminosity for neutron stars, is apparently due
to the existence of the limit luminosity of accreting neutron
stars. Compact objects in systems with higher luminosity are
black holes, and their number in the population is signifi-
cantly smaller. The nature of the second break in the
luminosity function remains uncertain. One possibility was
suggested in [22]. From an analysis of a galactic sample of
low-mass X-ray binaries, the authors of [22] concluded that
donors in smaller-luminosity systems, log Lx < 37.0—37.5,
are predominantly main-sequence stars, while those in higher-
luminosity systems are giant stars. The comparatively short
lifetime of giants can be the reason for the steepening of the
luminosity function.

5. Ultra-luminous X-ray sources

It is surprising that the luminosity function of high-mass
X-ray binary systems continues up to the luminosities
log Lx ~ 40.0—40.5 with the same slope (see Fig. 3). Nota-
bly, unlike the luminosity function of low-mass X-ray
binaries, this function does not show noticeable features at
the Eddington luminosity for neutron stars (log Lx ~ 38.3)
and stellar-mass black holes (log Lx ~ 39.0—39.5). On the
other hand, the luminosity function cuts off at log Lx ~
40.0—40.5 (Fig. 4), which corresponds to the Eddington
luminosity of an object with a mass of ~ (50—100) M.

It is well known that the standard evolution of solar-
metallicity stars cannot produce black holes with masses
higher than = (10—15) M, and the formation of more
massive black holes with masses higher than ~ 100 M, is
possible from zero-metallicity stars [23]. In principle, it is
possible that the brightest X-ray sources are related to
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Figure 4. Detailed form of the luminosity function of compact X-ray
sources in star-forming galaxies. Plotted is the ratio of the luminosity
function to the power-law with index 1.6. The normalization is arbitrary.
(From paper [2].)

accretion onto such massive black holes (so-called intermedi-
ate-mass black holes), which can be the result of the evolution
of so-called Population III stars—the first stars in the
Universe formed at high redshifts from matter with primor-
dial chemical abundance, with almost zero metals. The
relative frequency of the occurrence of such systems must be
significantly lower than for the usual massive X-ray binaries
with neutron stars and stellar-mass black holes. Therefore, the
luminosity function should show a break when passing to
systems with intermediate-mass black holes [1]. But the
observed luminosity function can be fit by a single power law
at all luminosities up to log Lx ~ 40 (see Figs 3, 4). Therefore,
systems with log Lx <40 most likely contain ‘usual’ stellar-
mass black holes and represent the ‘tail” of mass and accretion
rate distributions. We note that the standard accretion theory
allows luminosities as high as several times the Eddington
limit [1, 24, 25]. The cut-off of the luminosity function at
log Lx > 40.5 (see Fig. 4) may correspond to the transition to
another population of X-ray sources. Several known sources
with log Lx > 40.5 can be more exotic objects, for example,
intermediate-mass black holes produced by the evolution of
the first Population III stars.

To conclude this section, we stress that although the
outlined picture seems to be quite plausible, no solid
confirmation of this concept has been obtained so far.
Despite intensive multiwavelength studies of ultra-luminous
X-ray sources, their nature remains puzzling [25].

6. Limiting luminosity of sources
and linearity of the Lx—SFR relation

We note a paradoxical, at first glance, fact: the linear
dependence of the total X-ray luminosity of high-mass
binaries and the star formation rate is a direct consequence of
the luminosity function cut-off [26]. This is related to proper-
ties of the probability density distribution for the collective
luminosity of objects distributed according to relation (6).

If the measured value is the sum of luminosities of a finite
number of discrete sources (in contrast, for example, to the
luminosity of a gas region),

k=N
Lo =Y L, (7)
k=1
then the intuitively obvious relation
—+00 dN
<L[01> = J L — dL < SFR (8)
0 dL

does not describe the result of measurements of X-ray
emission from an arbitrarily chosen galaxy. The most
probable value of the luminosity of a given galaxy is
predicted by the maximum of the probability distribution
p(Liot) (the so-called probability distribution mode), while
the expectation value determined by Eqn (8) describes the
average result of measurements of a large number of galaxies.
Clearly, for a symmetric distribution, for example, a Gaussian
one, these two values coincide. But the shape of the
distribution p(Lyy) is determined by the shape of the
luminosity function and can be strongly asymmetric.

We consider an example. The most probable value of the
luminosity of the brightest source Ly is determined by the
relation
[t dN

NL>£mX:J ——dL~1. 9
( a) Zmade ()

For a power-law luminosity function with the slope « and a
cut-off at L.y, we obtain

Linax o SFRYD at low SFR,
(10)

Lax = Loy at hlgh SFR.

As expected, the luminosity of the brightest source increases
with the star formation rate (the larger the number of
sources is in the sample, the higher the probability of
finding a bright source from the luminosity function tail).
But the luminosity cannot exceed the limiting value Ly
therefore, at high star formation rates, the value Linax stops
increasing. These two regimes are separated by the thresh-
old value of the star formation rate, determined by the
relation N(L ~ Ley) ~ 1; when this relation holds, we can
expect to find several sources with luminosities close to the
maximum possible value L.

The most probable value of the total luminosity L can
be calculated by integrating the luminosity function from
Liin t0 Liax:

L

B mas N

Ltotzj —LLdL. (ll)
Liin

For 1 < o < 2 and Lyin < Lmax, We obtain

SFRY=1  at low SFR,

Ly

(12)

SFR at high SFR.

For the luminosity function slopes 1 < o < 2, the total
luminosity of a galaxy is determined by the brightest sources
in the galaxy, whose luminosity at low star formation rates
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increases nonlinearly [see formula (12)]. This leads to a
nonlinear behavior of L, which continues until the max-
imum possible luminosity Ly is reached. A further increase
in the star formation rate leads to a linear increase in the
number of brightest sources in the galaxy, but not to an
increase in their luminosity. Correspondingly, the depen-
dence Lx becomes linear. We note that the nonlinear regime
is characterized by a large asymmetric dispersion. This
problem is considered in paper [26] in more detail.

For parameters of the luminosity function of massive
binaries at low star formation rates, we expect to have
Ly o< SFR'7, and the transition to the linear regime to
occur at SFR ~ 10M, yr~!'. However, Fig. 1 does not show
such a nonlinear behavior at low SFR. This is because the
low-SFR part of Fig. 1 is populated by nearby galaxies, whose
sample is not random. These galaxies were selected because
they appeared interesting to X-ray astronomers for some
reason (for example, because they have bright X-ray sources),
i.e., they are subject to the so-called observer bias. In other,
more objective, samples of galaxies, the nonlinear dependence
of Lx on the SFR is clearly seen (for example, in [1, 26]). The
sample of galaxies in the deep X-ray Chandra surveys is
objective (i.e., all star-forming galaxies in some field were
selected), but in all of them SFR > 10M. yr~!, which
corresponds to a linear dependence of Lx on SFR.

It is important to note that the agreement of normal-
izations of the Lx —SFR relation for nearby galaxies selected
from archival data and for remote galaxies from the deep
Chandra surveys suggests, first, that observer bias does not
significantly shift the common normalization in this relation.
Second, the linear dependence of Lx on the SFR at
SFR > 10M, per year evidences the fact that the luminosity
function of X-ray binaries has a cut-off at log Lx < 40—41.
Third, this proves that the maximum luminosity of ultra-
luminous X-ray sources at redshifts z ~ 1 and star formation
rates SFR ~ 100M,, per year did not substantially exceed
luminosities observed in the local Universe. In other words, at
high redshifts, there were no significant populations of exotic
objects comparable in number to ‘ordinary’ high-mass X-ray
binaries.

7. Consequences for the theory
of binary star evolution

Observations of populations of X-ray binaries in external
galaxies open up the possibility of experimental testing of
assumptions underlying the theory of formation and evolu-
tion of binary stellar systems. Clearly, a direct way of such
testing is the comparison of the observed number of X-ray
binaries and their luminosity function with the results of
population synthesis calculations.

On the other hand, it is possible to formulate several
simple consequences from the experimental results presented
above. With the known relation between the number of
massive X-ray binaries and the star formation rate, we can
estimate the fraction of compact objects becoming X-ray
sources due to the accretion of matter in massive binary
systems. Our observations imply that the number of X-ray
binaries with the luminosity above 103 ergs~!is

NHMXB(> 1035 erg S) ~ 135SFR. (13)

On the other hand, this number can be expressed in terms of
the formation rate of compact objects N, and the mean

lifetime of X-ray sources Tx:

Numxs ~ Neo fo,k Xk ~ Neo fx Tx - (14)
%

The formation rate of compact objects is approximately equal
to the birth rate of massive stars: Ne, ~ N.(M > 8 M,).
Assuming the Salpeter initial stellar mass function, we obtain

N.(M >8M,)~74x 107 SFR. (15)
The summation in Eqn (14) is performed over different
types of binaries, including systems with supergiants and
Be/X-ray binaries. The coefficient fx ; is the fraction of
compact objects formed in a galaxy that became X-ray
sources due to the accretion of matter in the given type of
binary system; accordingly, tx x is the duration of the X-ray
stage. The summ fx = 3, fx « is the total fraction of compact
objects that became X-ray sources and 7x is the mean
duration of the X-ray phase.

Itis known from the theory of evolution of binary systems
that for systems with supergiants, tx ~ 10 years and for
Be/X-ray binaries, tx ~ 103 years. From observations of our
Galaxy and the Magellanic Clouds, we know that most of the
massive X-ray binaries with low luminosity, which mostly
contribute to the number of sources in relation (13), are
Be/X-ray binaries [27]. If this is correct for star-forming
galaxies in general, the characteristic duration is
Tx ~ 10° years, and therefore

x [yr5]>1 .

fx ~0.18 (T (16)

The quantity fx is the fraction of compact objects that
became X-ray sources due to accretion in massive binary
systems during the first 100 Myrs after their formation. In
counting the number of X-ray binaries in relation (13), we
have used the low luminosity threshold, and hence this
population is dominated by Be/X-ray binaries with neutron
stars. Therefore, fx characterizes the efficiency of formation
of X-ray binaries with neutron stars.

To estimate the formation efficiency of bright accreting
black holes, we can repeat the above calculations with the
luminosity threshold 10% ergs~!, which significantly exceeds
the Eddington limit for neutron stars. Furthermore, in
Eqn (15), we increase the mass limit to 25M, i.e., to the
minimal mass of the zero-age main sequence star that is
capable of producing a black hole at the end of its evolution.
We also take into account that the brightest sources
apparently have supergiant donor stars for which the
characteristic duration of the X-ray phase is ~ 10* years. As
a result, we obtain the relation:

- —1
ULX _ (T [yrs]

(17)
Hence, a few percent of all stellar-mass black holes produced
in a galaxy can become bright X-ray sources that form the
population of ultra-luminous X-ray sources with luminosities
> 10* erg s—'. We note that in deriving Eqns (16) and (17),
we have assumed a Salpeter initial stellar mass function, while
it is well known that the initial stellar mass function is flatter
for masses M < M. This assumption was made to provide
consistency with the determination of the star formation rate,
which is normalized to the Salpeter initial mass function [7].
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Clearly, the following inequality should hold:

Sx < foin(my = 5Ms) (18)
where foin(m2 = 5M) is the fraction of binary stars in which
the mass of the optical companion is above 5M,. This allows
putting bounds on the mass distribution of donor stars in
massive binary systems. First, it is possible to immediately
exclude the possibility that their distribution is described by a
Salpeter mass function, which is independent of the primary
star mass. Indeed, in that case, the fraction of binary systems
with companion masses above 5M, would be f(m > SMy) ~
~ 5.5 x 1073, i.e., ~ 40 times smaller than the value fx ~ 0.2
determined by Eqn (16). Considering power-law mass
distributions with arbitrary slopes y(m) o m " and assum-
ing fx =0.2, from Eqn (18), we can constrain the mass
function slope at y < 0.3, which is significantly flatter than
the Kroupa or Salpeter mass functions that have a slope
~ 2.35 at high masses. Relation (18) also agrees with the flat
binary mass ratio distribution [2].

To conclude this section, we note that similar considera-
tions applied to low-mass X-ray binaries result in an
extremely low formation efficiency of such objects:
JX, LMXB ~ 107 [2]. This must be mainly due to the destruc-
tion of a significant fraction of low-mass binary systems by
supernova explosions, during which compact objects are
formed.

8. Contribution of star-forming galaxies
to the cosmic X-ray background.
Evolution of the LxSFR relation

Deep X-ray sky surveys have shown that about 80-90% of
the cosmic X-ray background is due to emission from
accreting supermassive black holes in active galactic nuclei
and quasars [28]. Although with the sensitivity Fx ~
1077 erg s™! cm2? of the deepest X-ray surveys carried
out by the Chandra Observatory, the number of star-
forming galaxies is less than = 1/4 of all detected sources,
the extrapolation of the source counts indicates that star-
forming galaxies should dominate in future sky surveys,
which will be 2-5 times deeper [28]. Therefore, their
emission must significantly contribute to the cosmic X-ray
background and be comparable to its currently unresolved
part.

This fraction can be calculated theoretically if the specific
X-ray luminosity associated with star formation ¢x(z) =
Lx/SFR and the star formation rate in the Universe at
different redshifts p,(z) are known:

] c J’me dZ
Stot =" Ir T N2 N
0 (142 EG)

where E(z) = \ggm(l +z)’ + Q. Such calculations per-
formed in [29] showed that the contribution of star-forming
galaxies to the cosmic X-ray background in the soft X-ray
band of 1-2 keV amounts to ~ 8—12%. In the harder X-ray
band (2-8 keV), their contribution falls in the range from a
few percent to ~ 20%, depending on the assumption about
the shape of the spectrum of ultra-luminous X-ray sources at
energies of ~ 20—30 keV, which is presently unknown.
Hence, the contribution of star-forming galaxies, at least in
the soft X-ray band, is close to the brightness of the
unresolved cosmic X-ray background.

p.(2) ex(2) (19)
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Figure 5. X-ray fluxes from star-forming galaxies. The solid horizontal line
shows the level of the unresolved X-ray background, the shaded area
between the dashed lines shows the 68%-error interval. Different curves
correspond to different assumptions about the evolution of the ratio
¢x = Lx/SFR with redshift: a jump cx — fex at (a) SFR <x,
(b) SFR > y, (¢) z = z¢, and (d) z = zZjump. (From [29].)

Clearly, this fact can be used to constrain the possible
redshift evolution of the specific X-ray luminosity associated
with star formation, Lx/SFR. Indeed, if high-redshift
galaxies had higher Ly /SFR ratios, then their total luminos-
ity would exceed the brightness of the unresolved back-
ground, which is impossible. This is illustrated in Fig. 5,
which demonstrates the contribution from star-forming
galaxies to the brightness of the background under different
assumptions about the dependence of the Lx/SFR ratio on
redshift or the star formation rate. It can be seen from the
figure that even for a relatively small (by about a factor of
two) increase of Lx/SFR at z~ 2 or at a low SFR, the
predicted contribution of star-forming galaxies to the bright-
ness of the cosmic X-ray background exceeds its unresolved
part. Hence, in this redshift interval, the specific X-ray
luminosity of star formation never exceeded the local
Universe value by more than a factor of ~ 2. This conclusion
agrees with the properties of ultra-luminous sources at
z ~ 1-2, discussed in Section 6. On the other hand, these
considerations do not significantly constrain the Lx/SFR
behavior at high star formation rates or high redhsifts z > 5.
We note that the regime of high star formation rates is well
constrained by direct measurements of the Lx/SFR ratio
(Fig. 6).

9. Measurement of the galactic star formation
rate from X-ray luminosity

In addition to emission from X-ray binaries, the total X-ray
luminosity of a galaxy includes emission from hot ionized gas
with a temperature of several million Kelvins. X-ray binaries
and the hot gas determine the X-ray luminosity of a galaxy if
it does not have an active nucleus. Observations of nearby
galaxies by the Chandra Observatory showed that the gas
provides about 1/4 of the observed X-ray emission from a
star-forming galaxy in the 0.5-8.0 keV range, and its
luminosity is proportional to the star formation rate, as well
as is the luminosity of massive X-ray binaries [30]. Clearly, in
distant galaxies at distances greater than 100 Mpc, it is
impossible to separate the emission from compact sources
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Figure 6. The total X-ray luminosity of star-forming galaxies as a function
of the star formation rate. Different symbols show nearby galaxies
resolved by the Chandra Observatory (squares), luminous and ultra-
luminous infrared galaxies (triangles), and star-forming galaxies in the
North (light circles) and South (dark circles) Chandra deep fields
(Chandra Deep Field North (CDF-N), Chandra Deep Field South
(CDF-S)). The last ones are located at redshifts z ~ 0.1—1.3. The solid
straight line shows a linear approximation for the nearby galaxies.
(From [13].)

from the diffuse gas emission; therefore, the observations
register the total X-ray luminosity of a galaxy. As expected,
the total X-ray luminosity of distant galaxies is proportional
to the star formation rate [13]. This fact is illustrated in Fig. 6,
which shows both nearby galaxies resolved by the Chandra
Observatory and distant galaxies discovered in the Deep
Chandra South and North Fields [28, 31] at redshifts
z ~ 0.1—1.3. The figure also shows the linear fit to the data.
We note that the approximations for nearby and distant
galaxies found in the Chandra deep fields are fully consistent
with each other; therefore, we can suggest that a linear
relation between the X-ray luminosity of a galaxy and its
star formation rate holds up to redshifts z = 1.3 at least. The
dispersion of points relative to the linear fit (the root mean
square variance) is rms = 0.4. As shown in [2], this dispersion
cannot be due to systematic or statistical errors and has a
physical origin, and is mainly caused ty variations of
elemental abundances and differences in the star formation
histories of galaxies.

The correlation between the total X-ray luminosity and
the star formation rate opens up the key possibility of
measuring the star formation rate using its X-ray emission:

Lx _

SFR=——+-— - M,
3.5x 10 ergs~! 7 T

(20)

This relation is calibrated using direct observations in the
redshift range z = 0—1.3. An analysis of the contribution of
X-ray binaries to the cosmic X-ray background leads to the
conclusion that this relation can be applied up to redshifts
z ~ 2—3[29]. We note that the forthcoming all-sky survey by
eROSITA (extended ROentgen Survey with an Imaging
Telescope Array) by the Spectrum—Roentgen—Gamma obser-

vatory will test relation (20) using a sample of = 10* star-
forming galaxies [32].

The main source of systematic errors in measuring the star
formation rate in galaxies using relation (20) is the contribu-
tion of X-ray emission from an accreting central supermassive
black hole. An active galactic nucleus with a moderate
luminosity Lx ~ 10*> erg s~! can bias the SFR measurement
of the star formation rate, even in a galaxy with a high SFR of
the order of 100M, yr—'. Because the bright X-ray emission
from galaxies is typically due to their nuclear activity,
measurements of the SFR using X-ray emission are possible
for a relatively small fraction of bright galaxies after a careful
search for active nuclei and determination of the morpholo-
gical type of the galaxies. On the other hand, studies of deep
X-ray surveys [28, 31] suggest that the vast majority of faint
galaxies with fluxes Fx < 1077 erg s~! are star-forming
galaxies at redshifts z ~ 1—3. For these galaxies, X-ray
emission is a powerful tool for diagnostics of the star
formation, and this method can be applied to a large number
of galaxies in order to study the star formation history in the
Universe. One of the first applications of this method is
presented in [33].

10. Conclusion

X-ray emission of the majority of galaxies in the observable
part of the Universe is due to X-ray binaries— accreting
neutron stars and black holes in close binary systems. Their
population is determined by the entire history of star
formation of the host galaxy, and in the first approximation
by its mass and the star formation rate.

X-ray observations of nearby galaxies by the Chandra and
XMM-Newton space observatories demonstrated that the
luminosity distributions of X-ray binaries in the first approx-
imation are described by universal luminosity functions (see
Fig. 3). The total number of compact sources and their total
luminosity in star-forming (young) and elliptical (old)
galaxies are respectively proportional to the star formation
rate and the stellar mass (see Fig. 1). The luminosity functions
of compact stars in young and old galaxies are radically
different, which is related to different regimes of mass
accretion in high-mass and low-mass X-ray binaries. The
luminosity function of high-mass X-ray binaries is described
by a power-law with the exponent ~ 1.6 in the wide range of
luminosities log Lx ~ 35—40. It shows no features corre-
sponding to Eddington luminosities for neutron stars or
stellar-mass black holes, but demonstrates a cut-off at
log Lx ~ 40.0—40.5 (see Fig. 4). The shape of the luminosity
function suggests that most of the galactic ultra-luminous
X-ray sources are products of the standard evolution of
binary stars and populate the tail of the mass and accretion
rate distributions. Much rarer sources with higher luminosity
log Lx > 40—41 can be more exotic objects, for example,
intermediate-mass black holes, which are products of the
evolution of high-mass Population III stars. The linearity of
the Lx —SFR relation in a wide range of redshifts implies that
the luminosity function of compact X-ray sources at redshifts
z ~ 1 and for star formation rates several times higher than in
typical nearby galaxies is not significantly different from the
local luminosity function.

The specific number of high-mass X-ray binaries per unit
star formation rate suggests that a significant fraction of
compact objects becomes accreting X-ray sources during the
first ~ 100 Myrs after their birth [see relation (16)]. This
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explains the unexpectedly large (~ 8—10%) contribution of
accreting stellar-mass black holes to the brightness of the
cosmic X-ray background.

The universal relation between the X-ray luminosity of a
galaxy and its rate of formation of massive stars allows
estimating the star formation rate in a galaxy from its X-ray
luminosity. The Lx—SFR relation has a relatively small
dispersion and was calibrated in a wide range of redshifts,
which provides a new tool for determining the star formation
rate based on X-ray luminosity of galaxies. This method is
independent of traditional star-formation diagnostics based
on infrared and ultraviolet observations. It can be used to
measure the star formation rate in distant galaxies at
z ~ 1—=3, which should be the dominant population of
X-ray sources in future next-generation sky surveys. It may
become an efficient tool for measuring the star formation
history in the Universe in a wide range of redshifts.
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Space-based spectroscopy of Mars:
new methods and new results

O I Korablev

1. Current Mars problems

After the breakthrough Viking Mars mission in 1972 and a
long interruption in Mars studies caused, on the one hand, by
the negative result of experiments searching for evidence of
life and, on the other hand, by a number of failures of space
programs, spacecraft exploration of Mars is currently being
extensively and apparently thoroughly performed. Three
orbiters are currently operating in Mars orbit: Mars Odyssey
(entered Mars orbit in 2001) [1], Mars Express (arrived in
orbit in 2003), and Mars Reconnaissance Orbiter (MRO)
(entered orbit in 2005) [2]. On the surface of Mars, the
Opportunity Rover is still active [3] and the Curiosity Rover
recently began to operate [4].

Among the key results obtained after the Viking mission,
first of all using Mars Global Surveyor (MGS) (1998-2006),
Mars Odyssey, and Mars Express spacecraft, are the
discovery of the remanent magnetization of Mars’s crust [5],
the global altimetry of Mars and the determination of its
figure [6], the global mapping of Mars and dating of its
geological units [7, 8], and the discovery and global mapping
of subsoil water [9, 10]. Nevertheless, a number of important
scientific problems concerning both fundamental questions
and Mars exploration in the future remain to be solved or are
in the process of accumulation and refinement of knowledge.

Three main groups of scientific problems can be distin-
guished: (1) inner structure of the planet and its volcanism;
(2) climate evolution and the current climate of Mars; and
(3) the past and current habitability of Mars.

Modern models of Mars’s interior cannot answer ques-
tions about the thickness and composition of its crust, the
composition of the mantle (the enrichment of the mantle of
Mars with iron compared to that of Earth) and its inhomo-
geneities, and the size and structure of Mars’s core [11]. Mars
shows many signs of volcanic activity, in particular, Olympus
Mons, the tallest volcano in the Solar System, its summit
reaching 25 km and the diameter at the base of the volcano
amounting to 600 km. Also, fossil thermal-spring waters were
probably found [12]. However, according to the cratering
dating, the age of the most recent volcano calderas exceeds
100 million years [13], and a mapping thermal radiometer on
Mars Observer, specially intended for searching for ‘hot-
spots’, has not detected them [14]. Are there signs of mantle
convection and volcanism?

The rarefied atmosphere of Mars does not reduce the
importance of climate as a key factor determining conditions
on its surface, which has largely formed the present-day relief
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