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Abstract

We explore the host galaxies of compact-object binaries (black hole–black hole binaries, BHBs; neutron
star–black hole binaries, NSBHs; double–neutron stars; DNSs) across cosmic time, by means of population-
synthesis simulations combined with the Illustris cosmological simulation. At high redshift (z & 4) the
host galaxies of BHBs, NSBHs and DNSs are similar and predominantly low-mass galaxies (stellar mass
M < 1011 M�). At z & 4 most compact objects form in the same galaxy where they merge with a short
delay time. At low redshift (z ≤ 2), the host galaxy populations of DNSs differ significantly from the hosts
of both BHBs and NSBHs. DNSs merging at low redshift tend to form and merge in the same galaxy, with
relatively short delay time. The stellar mass of DNS hosts peaks around ∼ 1010 − 1011 M�. In contrast,
BHBs and NSBHs merging at low redshift tend to form in rather small galaxies at high redshift and then
to merge in larger galaxies with long delay times. This difference between DNSs and black hole binaries
is a consequence of their profoundly different metallicity dependence.
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1. Introduction

The delay times (tdelay) from the formation of bina-
ries, that will lead to compact binary objects, and the
merger are typically of the order of Myrs-to-Gyrs. Dur-
ing this time interval, the environment (i.e. the host
galaxy) evolves, deeply affecting the evolution of the bi-
nary. Expanding our knowledge on the host galaxies of
gravitational-wave (GW) events is thus a crucial step for
determining the evolutionary history of the binaries and
in particular for improving models of formation of com-
pact objects binaries, which are still affected by large un-
certainties. Theoretical insights on the properties of the
hosts allow us to infer astrophysically-motivated criteria
to improve the search of electromagnetic counterparts of
GW events.

2. Aim and Method

In our work (Toffano et al. 2019) we focus on the differ-
ent environmental conditions which affect the evolution
and formation of compact objects binaries across cos-
mic time. We link the properties of binaries to those of
the host galaxies of GW events, in particular to their
mass, at different redshifts in a cosmological framework.
For doing that, the approach we follow is to combine
a population-synthesis code with a cosmological simula-
tion of galaxies’ evolution.

The population-synthesis code that we adopt is
MOBSE (Massive Objects Binary Stellar Evolution)
(Giacobbo et al. 2018). It is an updated and customized
version of the population-synthesis code BSE (Hurley et
al. 2002) which includes most recent theories on mass
loss due to stellar winds, pre-supernova and supernova
phases, common envelope and natal kicks. MOBSE
both reproduces the observed merging compact objects
masses and agrees with LIGO-Virgo’s estimated merger
rate. We convolve the catalogue of merging compact
objects from the run CC15α5 of Giacobbo & Mapelli
2018 with the Illustris-1 cosmological simulation (Vogels-
berger et al. 2014). The simulation’s box lenght of 106.5
Mpc allows for a statistical study of the properties of the
universe on large scales.

The Illustris produces a mass-metallicity relation
which is steeper than the relation obtained through ob-
servations. In this work we substitute it with the one
constructed on observational data by Maiolino et al. 2008
and Mannucci et al. 2009.

From the catalogue produced by MOBSE we extract
the metallicity Z of progenitors stars of compact objects
binaries and the delay time from the formation to the
merger of the binaries tdelay. We associate a number of
compact objects NCO,i at every Illustris particle through
the Monte Carlo algorithm:



NCO,i = NBSE,i(Z)
MIll

MBSE(Z)
fcorr fbin (1)

where i = BHB, NSBH or DNS indicates the type
of compact object, MBSE(Z) and NBSE,i(Z) are respec-
tively the total initial mass and the number of merg-
ing compact objects of the stellar population simulated
with MOBSE, fbin = 0.5 is the assumed binary fraction
and fcorr = 0.285 is a correction factor (only primary
stars with zero-age main-sequence mass MZAMS > 5 M�
are considered in the run CC15α5). Z has been chosen
among the 12 metallicities simulated with MOBSE as
the closer to the value of the Illustris particle.

Finally, we calculate for each compact object binary
the look-back time at which it merges as tmerg = tform −
tdelay, where tform is the look-back time at which the host
Illustris particle formed:

tform =
1

H0

∫ zIll

0

1

(1 + z) [ΩM (1 + z)3 + ΩΛ]1/2
dz, (2)

where H0 = 100h km s−1 (h = 0.704), ΩΛ = 0.7274
and ΩM = 0.2726.

We choose 4 reference epochs, namely z ∼ 0, z ∼ 2,
z ∼ 4 and z ∼ 6, (Illustris snapshots 0.01 < z < 0.02,
2.00 < z < 2.10, 4.01 < z < 4.43 and 6.01 < z < 6.14) at
which we analyze the relations between the hosts and the
binaries merging at those epochs and formed previously.

3. Results

We show in Fig. 1 the main results of the work of Tof-
fano et al. 2019 for the reference epochs z ∼ 0 and z ∼ 4
through Mratio − Z plots, where Mratio = Mmerg/Mform

is the ratio between the mass of the host galaxy at the
merger time and the mass of the host galaxy at the bi-
nary formation time. We compactly list in Table 1 the
mass ratio intervals within which the 50% of binaries
merge at the investigated epochs.

In this work we find that present-day merging BHBs
mainly formed ∼ 10 − 12 Gyr ago and merge in a more
massive host galaxy than the one where they formed, due
to the hierarchical clustering build-up process. In gen-
eral, BHBs need a longer delay time to reach the merger
phase compared to other compact-object binaries, even
at higher redshifts. BHBs which merge nowadays have
likely formed in galaxies with mass ∼ 107 − 1010 M�
from metal-poor progenitors, but they merge in galaxies
of every mass in the range ∼ 108 − 1012 M�.

DNSs show a different behavior with respect to BHBs.
DNSs have a strong predisposition for high progenitor
metallicities at any epochs (up to many times the so-
lar value), and are characterized by low values of Mratio,

Table 1. Mass ratio interval (in M�) within which the 50% of com-

pact objects binaries merge at the distinct investigated redshifts.

Mratio,BHB Mratio,NSBH Mratio,DNS

z ∼ 0 6.1 − 7.2 × 102 1.5 − 1.6 × 102 1 − 2.7
z ∼ 2 1.3 − 24 1 − 5.8 0.9 − 1.5
z ∼ 4 1 − 6.1 1 − 2.4 1 − 2.7
z ∼ 6 1 − 5 0.9 − 1.9 1 − 3.5

associated with short delay times. A secondary popu-
lation of DNSs emerges at higher redshifts. This sub-
population is characterized by higher values of Mratio

and tdelay and metal-poor progenitors, similar to BHBs.
The current DNS host mass range (∼ 109 − 1011 M�) is
consistent with the mass range of short gamma-ray burst
hosts, strengthening the link between DNS mergers and
short gamma-ray bursts.

NSBHs merging at z = 0 show a preference for small
Mratio, thus a tendency for shorter delay times; nonethe-
less, we find that many NSBH mergers are characterized
by delay times of the order of 10 Gyr. At higher red-
shifts, Mratio and tdelay squeeze to lower values, similar
to DNSs. NSBHs are characterized by a sub-solar metal-
licity of progenitors at each investigated epoch.

Our results can provide a criterion to rank possible
host galaxies of GW events (within the LIGO-Virgo error
box), based on their mass and redshift. Fed into a low-
latency search pipeline, this information might improve
the responsiveness of the search for the electromagnetic
counterpart. In case of absence, our results could be used
as criteria to identify the most likely host galaxies within
LIGO-Virgo error box.
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Fig. 1. Left-hand panel: progenitor’s metallicity versus ratio Mratio = Mmerg/Mform for BHBs (orange), DNSs (blue) and NSBH (purple)

merging at z ≤ 0.01; right-hand panel: progenitor’s metallicity versus ratio Mratio = Mmerg/Mform for BHBs (orange), DNSs (blue) and

NSBH (purple) merging at z ∼ 4.


