
X-ray Binary Formation and Evolution
on cosmological timescales

Harvard-Smithsonian CfA                                         

Tassos Fragos

with M. Tremmel, B. Lehmer, P. Tzanavaris, 
A. Hornschemeier, V. Kalogera A. Zezas, K. Belczynski

Institute for Theory and Computation
Thursday, October 14, 2010



Outline

Motivation

StarTrack and Millennium simulations

Constraining the model with observations

Summary and next steps

Thursday, October 14, 2010



Existing Theoretical Models
White & Ghosh 1998
Ghosh & White 2001
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rates for both (a) whole populations of LMXB and MRP, and, (b) short-period systems,

are consistent with observation for some SFR profiles suggested recently to account for the

multiwaveband SFR data. We discuss the relative roles of global SFR profiles on the one

hand, and the profiles of individual galaxies or galaxy-types on the other.

2. X-RAY LUMINOSITY EVOLUTION WITH EVOLVING SFR

The total X-ray output of a normal galaxy can be modeled as the sum of those of its

HMXB and LMXB as per the WG98 scheme, wherein the evolution of each species “i” is

described by a timescale τi (see WG98). To study the effects of the dependence of τi on

the binary period and other evolutionary parameters, we run the evolutionary scheme over

ranges of likely values of τi given in the literature. The evolution of the HMXB population

in response to an evolving star-formation rate SFR(t) is given by

∂nHMXB(t)

∂t
= αhSFR(t) −

nHMXB(t)

τHMXB
, (1)

where nHMXB is the number density of HMXBs in the galaxy, and τHMXB is the HMXB

evolution timescale. αh is the rate of formation of HMXBs per unit SFR, given

approximately by αh = 1
2fbinaryfh

primfh
SN, where fbinary is the fraction of all stars in binaries,

fh
prim is that fraction of primordial binaries which has the correct range of stellar masses

and orbital periods for producing HMXBs (van den Heuvel 1992, vdH92 and the references

therein), and fh
SN ≈ 1 is that fraction of massive binaries which survives the first supernova.

In these calculations, we have adopted a representative value τHMXB ∼ 5 × 106 yr according

to current evolutionary models. In our introductory model here, τHMXB includes both

(a) the time taken (∼ 4 − 6 × 106 yr) by the massive companion of the neutron star to

evolve from the instant of the neutron-star-producing supernova to the instant when the

“standard” HMXB phase begins, and, (b) the duration (∼ 2.5 × 104 yr) of this HMXB

phase (vdH92 and references therein). Since the second timescale is negligible compared to

– 5 –

the first, little error is made by approximating this two-step process by a single step with

an overall timescale τHMXB.

Two basic methods of LMXB production have been discussed. In the cores of dense

globular clusters, they can be produced by the tidal capture of a neutron star by a normal

star. Over the rest of a galaxy, stellar densities are insufficient for tidal capture, and LMXBs

are produced by the evolution of primordial binaries (see, e.g., Webbink, Rappaport &

Savonije 1983; Webbink 1992). In this paper, we consider only the latter mechanism. For

spiral galaxies, at least, this must be the dominant mechanism, since the globular-cluster

LMXB population in such galaxies only accounts for a relatively small fraction of the total

X-ray luminosity.

LMXB evolution from primordial binaries has two distinct stages (WG98) after the

supernova produces a post-supernova binary (PSNB) containing the neutron star. First,

the PSNB evolves on a timescale τPSNB due to nuclear evolution of the neutron star’s

low-mass companion and/or decay of binary orbit due to gravitational radiation and

magnetic braking, until the companion comes into Roche lobe contact and the LMXB turns

on. Subsequently, the LMXB evolves on a timescale τLMXB. Since τPSNB and τLMXB are

comparable in general, we must describe the two stages separately (WG98) by:

∂nPSNB(t)

∂t
= αlSFR(t) −

nPSNB(t)

τPSNB
, (2)

∂nLMXB(t)

∂t
=

nPSNB(t)

τPSNB
−

nLMXB(t)

τLMXB
, (3)

Here, nPSNB and nLMXB are the respective number densities of PSNB and LMXB in the

galaxy, and αl is the rate of formation of LMXB per unit SFR, given approximately by

αl = 1
2fbinaryf l

primf l
SN, where fbinary is the fraction of all stars in binaries, f l

prim is that

fraction of primordial binaries which has the correct range of stellar masses and orbital

periods for producing LMXBs, and f l
SN is that fraction of such binaries which survives the

massive star’s supernova.

Timescale estimates
for binary evolution

Several Star Formation 
history models

New observational constraint and advances in theoretical understanding 
allow the development of detailed population synthesis models
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The Largest X-ray Binary Population 
Synthesis Simulations Ever!

The largest library of X-ray binary PS models
with the StarTrack PS code (Belczynski et al. 2008)

 Preliminary parameter space study: 25 PS models for 
9 metallicity values and ~20 Million binaries per model

 Target parameter space study: 100 PS models for 9 
metallicity values and ~100 Million binaries per model

 Available computational resources:
 300,000 cpu hours @ Quest HPC cluster (NU)
 300,000 cpu hours @ Discover HPC cluster (NCCS)
 Priority access @ Fugu HPC cluster (astro-NU)
 Total of ~1,000,000 cpu hours
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Modeling the X-ray Luminosity from
a Single Stellar Population
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The Millennium Simulation

Springel et al. 2005

Bouwens et al. 2004
Marchesini et al. 2009

Semi-analytical galaxy catalogue by 
De Lucia et al. 2006

Stellar mass, SFR, gas mass, type, and 
metallicity as a function of time
for all galaxies in a 62.5Mpc3/h volume
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LMXB: Mdonor<2M☉ IMXB: 2M☉<Mdonor<10M☉ HMXB: Mdonor>10M☉

From the Millennium Simulation we track the new stellar 
mass formed at each metallicity bin as a function of time.

Using the StarTrack models, we add new stellar 
population according to the star formation history

The resulting XRB population is a mix of populations at 
different ages and different metallicities

Combining the two simulations
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Exploring the Parameter Space
For the first time we are taking into account 
simultaneously multiple observational constraints
Tentative parameter study: 25 PS models varying:
CE efficiency, Stellar winds, SN kicks
IMF, initial mass ratio and orbital period distribution
Dominant effects: 
CE efficiency for LMXB and Stellar winds for HMXBs

αce=0.5 αce=0.1
LMXBs

ηwind=2.0 ηwind=0.25
HMXBs
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Observational Constraints I:
Total X-ray  luminosity

Other results
work
of Kim et al. (2006). The results of 
Norman et al. (2004) are
shown with crosses (
triangles (

Text

Tzanavaris & Georgantopoulos 2008
XLF of normal galaxies at 3 redshift bins: 

0<z<0.2, 0.2<z<0.6, 0.6<z<1.4
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Observational Constraints II:
Wind-fed HMXBs

Lehmer et al. 2010
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Observational Constraints II:
Wind-fed HMXBs

Lehmer et al. 2010
Gas

Stars
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Observational Constraints III:
LMXBs

Lehmer et al. (2010) Boroson, Kim & Fabbiano (2010, in prep.)
selection of ellipticals with

total Lx, M*, Age, [Fe/H] measurements

☹
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Summary
We are building the largest PS model library in order to 
study the evolution of XRBs at high redshifts, using 
cosmological simulations as input in our modeling.

We predict an inversion in the evolution of galaxy XLFs at 
a redshift of ~2

The contribution of wind-fed HMXBs (LX,HMXBs/SFR) is 
increasing with z, as a result of metallicity evolution.

Average delay between star formation and peak Lx from 
LMXBs is ~1.2Gyr 

Constraining the LMXB population seems problematic.  Are 
old elliptical galaxies really old?
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Work in Progress...
Completion of PS model library
Comparison in a galaxy by galaxy basis
Modeling the spectral states of XRBs to refine 
bolometric corrections
Modeling of selection effects in galaxy surveys
Use as a constraint the XLFs of the most well 
observed nearby ellipticals, after revisiting 
their observational age estimates. 

Do LMXBs or HMXBs dominate our universe 
today? 
What is their relative contribution as a function 
of redshift?
What is the contribution of XRBs to the re-
ionization at high redshifts?
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Modeling the X-ray Luminosity from
a Single Stellar Population
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