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Abstract: Here we introduce the latest version of the GAMESH model, capable to consistently account
for the formation and evolution of compact binary systems along the cosmic assembly of a Milky Way
(MW)-like galaxy, centered on a local group volume resolving a large population of dwarf satellites.
After describing the galaxy assembly process and how the formation of binary systems is accounted
for, we summarize some recent findings on the properties and evolution of low-metallicity dwarf
galaxies hosting the birth/coalescence of stellar/compact binaries generating GW150914-like signals.
Finally, we focus on the mass and orbital properties of the above compact binary candidates assessing
their impact on the resulting coalescence times and on selecting suitable galaxy hosts.

Keywords: galaxy formation; galaxy evolution; dwarf galaxies; compact binary systems;
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1. Introduction

The detection of three gravitational wave (GW) signals GW150914, GW151226, and GW151012
during the first advanced Laser Interferometer Gravitational-Wave Observatory (LIGO) observing run
“O1”, performed from 12 September 2015 to 19 January 2016 [1–5], marked the birth of gravitational
astronomy. The successive observing run “O2”, by the joint advanced LIGO–VIRGO detectors (30
November 2016–25 August 2017), provided seven additional GW signals interpreted as black hole
binary (BHBH) mergers and one GW signal likely originated from the coalescence of binary neutron
stars (NSNS) [5]. So far, the ongoing run “O3” [6] has generated intriguing event alerts (https:
//gracedb.ligo.org/latest/) with a remarkably high luminosity distance.

Once confirmed as GW detection, the integrated catalogue of all the above events promises to
provide a robust observational data set on which both theoretical and phenomenological models
of BHBH formation and evolution can rely as an independent source of physical constraints [7].
Many alternative approaches have been developed during the recent years, either based on population
synthesis methods [8–14] or on schemes of dynamical capture acting in stellar clusters [15–19] and
in galactic nuclei [20]. Both the formation mechanism and the galactic environment have a strong
impact on the physical properties of the formed binaries, such as masses, spin, and orbital parameters.
A recent study [21] suggested for example, that the most massive BHBH could be part of a primordial
population formed in the early Universe.

The same observations apply, on a cosmological context, to galaxy evolution models [22–25]
because the simultaneous detection of gravitational and electromagnetic signals could significantly
constrain both the predicted cosmic star formation history and the galaxy properties, along the redshift
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evolution of our universe. Although BHBH events are not expected to have an electromagnetic
counterpart [26] (but see Perna et al. [27] for an alternative theoretical scenario), the discovery of a
NSNS merger in “O2” opens the possibility of a synergy between gravitational detectors and traditional
telescopes operating in different bands of the electromagnetic spectrum [28,29]. Present theoretical
models need substantial improvements in order to get ready for multi-messenger astrophysics, as they
have to self-consistently predict both GW events and their electromagnetic counterparts [30] along the
galaxy formation process.

Since the detection of GW150914, several groups focused on computing the rates of different
merging systems (either BHBH or NSNS) and on describing the type of galaxies candidate to
host these events. Dominik et al. [9] estimated the merger rates by coupling a binary synthesis
population code with cosmological scaling relations available for the star formation history and
metallicity. Nowadays, a complementary approach is offered by hydrodynamical simulations which
provide a consistent description of the cosmic star formation in the context of the galaxy evolution.
Mapelli et al. [31], for example, randomly sampled the galaxy catalogue of the Illustris Simulation [32]
to predict the above rates and to identify the properties of the galaxies hosting coalescence events
(see Artale et al. [33]). Lamberts et al. [34] adopted the feedback-rich, FIRE (Feedback In Realistic
Environments) hydrodynamical simulation suite [35,36] to estimate the population of BHBH in the
Milky Way (MW) simulated in the “Latte” run. Each approach has its own advantages and drawbacks:
fast predictions and parameter explorations can be easily generated by combining semi-analytic star
formation recipes with binary synthesis codes but at the price of avoiding any characterization of
the galaxies hosting the signals. Both smooth particle hydrodynamics (SPH) and adaptive mesh
refinement (AMR)-based simulations show additional limitations in the fact that they need to assume
a minimum dark matter (DM) mass or a minimum spatial resolution when describing their cosmic
structures, so that the validity of the results across scales often requires convergence verification.
Finally, it is worth to mention that to reach the local universe epoch (z = 0) numerical simulations
still require significant computational resources and can not easily fine tune the efficiency of the
implemented feedback.

Recent hydrodynamical simulations [35,37,38] evolve their structures under a rich series of
feedback effects, although they remain severely limited, with few exceptions [39,40], in describing the
reionization process, responsible for the ionization and heating of the intergalactic medium (IGM).
The process of cosmic reionization, which prevents the gas of the IGM to cool and collapse into galactic
halos, plays a central role in regulating the efficiency of star formation in small objects, such as the
population of dwarf galaxies [41]. Under photo-ionization feedback, dwarfs can remain trapped
into inhomogeneously expanding HII regions and become unable to acquire fresh gas from the IGM
because of their low DM halo potential (This is commonly expressed in terms of virial temperature
Tvir of their halos).

To encompass some of these limitations and to provide an alternative tool addressing many of the
above questions, in Graziani et al. [24] we introduced GAMESH, a hybrid pipeline which combines
the outputs of a DM simulation, a semi-analytic model of star formation and metal enrichment
with a detailed reionization model based on the latest versions of the state-of-art radiative transfer
code CRASH [42,43]. While not necessarily limited to a small scale simulation, so far GAMESH
has performed on top of local volume boxes (∼2–4 cMpc/side) to investigate the evolution of
a Milky Way-like galaxy and its surrounding dwarf satellites. By easily tuning few efficiency
parameters regulating the formation of stars and the mass of gas and metals ejected by galactic
winds, we were capable to reproduce the metal, gas and stellar mass of the Milky Way-like halo
at z = 0, as well as the scaling relations observed in the local group galaxies [25]. A first study
of the local volume reionization and its impact on the galaxy metallicity function was presented
in Graziani et al. [24], while the properties of the Milky Way progenitors and the dwarf satellites
were reported in Graziani et al. [25]. GAMESH is continuously upgraded and improved both in the
chemical and radiative modules: in Ginolfi et al. [44] for example, the chemical network of our galaxies
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was extended by introducing the formation of cosmic dust by stellar sources. The latest release of
the radiative transfer framework can consistently handle x-rays emitting sources and accounts for
the physics of secondary ionization [43] through gas and dust [45]. In Schneider et al. [46], a major
upgrade to the star formation model of GAMESH was introduced by characterizing the formation and
evolution of binary systems. The statistic of compact binaries generating GW events through black hole
mergers was first investigated, consistently with the metallicity of the gas in the galactic environment.
The evolution of these binaries was also followed in redshift along the hierarchical assembly of
structures, until their coalescence occurs at a certain zc, in a certain galactic host, and accordingly to
the binary system coalescing time tc. This first analysis showed that signals like GW150914, GW151226
and GW151012-like are originated by coalescence events preferentially hosted in massive star forming
galaxies, despite the fact that their binary systems were born in galaxies with different gas metallicity
(see also independent studies by Lamberts et al. [47], Elbert et al. [48]). However, when we focus
on the most massive BHBH systems (e.g., systems with BH masses M1 > 36 M� and M2 > 27 M�),
as their stellar progenitors can only form in low metallicity environments (Z < 0.1 Z�) [4,9,19,49],
metal-poor dwarfs become the natural candidates to host the formation of these binaries. As dwarfs
are not necessarily incorporated by massive galaxies during hierarchical evolution, isolated dwarfs,
dwarf spheroidals, or ultra-faint satellites, can also become the galactic host of coalescence events.
Motivated by the above findings, in Marassi et al. [50] we put our attention on describing the formation
and evolution of low metallicity dwarf galaxies in which binaries generating GW150914-like events
can be found. By following their histories throughout dynamical, chemical and radiative feedback,
we connected birth and coalescence sites and provided a clue on their galactic evolution. We also
indicated the most interesting evolutionary channels, highlighting how the gas metallicity of these
objects can strongly vary due to continuous dynamical stripping, while orbiting around a central
object (see Section 5 in Graziani et al. [25]). Sporadic episodes of star formation can also occur when
they increase their gas mass against the effects of photo-ionization heating (see also Section 3 in
Marassi et al. [50]). The above study was also reinforced by a serendipitous search of real observed
counterparts: we found, for example, an excellent match between many properties of PGC1446233 [51]
and UGC4483 [52] and two representative candidates of our simulated sample.

Here we first describe our GAMESH model and how it follows the evolution of compact systems
along the assembly of its simulated galaxies. We then show its capabilities in accounting for different
types of compact binaries and in predicting the galaxies hosting their formation and coalescence.

2. Numerical Method

This section summarizes the key ingredients of the GAMESH framework. We start with a galaxy
formation model capable to resolve mini-halos and to follow the evolution of their embedded galaxies
through a combination of feedback effects: dynamical, chemical, and radiative (see Section 2.1).
The second ingredient is a binary population synthesis code which computes the formation and
evolution of a large series of binary systems (see Section 2.2). Finally, the third component of our
method couples the star formation history of each galaxy with a number of binary systems, randomly
selected from our pre-computed database (see Section 2.3).

2.1. Galaxy Formation with GAMESH

The galaxy formation model described in this section was first introduced in Graziani et al. [24]
and named GAMESH. The work-flow of GAMESH integrates a DM simulation based on a N-body
scheme, a semi-analytic code modeling the galaxies created at the center of dark matter halos, and a
radiative transfer module based on the cosmological RT library RT4C, on top of which the latest release
of the radiative transfer code CRASH4 is built [43].
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2.1.1. DM Halos

The DM simulation currently adopted by GAMESH predicts the cosmological evolution
of a MW-sized halo and was performed with the GCD+ code [53,54] adopting a β-version of
periodic-boundary conditions and a TreePM algorithm with parallel FFTW (Fastest Fourier Transform
in the West) module. The code MUSIC [55], set up with a Planck 2013 cosmology [56] (Ω0 = 0.32,
Λ0 = 0.78, Ωb = 0.049 and h = 0.67), was used to generate an initial volume of 83.53 Mpc3 in
which a Milky Way-sized halo with virial mass of 1.7× 1012 M� was first identified, and successively
re-simulated with 62421192 DM particles of different masses; 55012200 of them have a particle mass of
3.4× 105 M� and create a central volume with the highest mass resolution, a size of Lb = 4 cMpc and
a total mass in collapsed objects of MDM ∼ 3× 1012 M�. We usually refer the above 4 cMpc cosmic
region as the "LG" of this simulation.

The temporal evolution is followed by storing outputs every 15 Myr from z ∼ 20 down to z = 10,
and every 100 Myr until z = 0. A total of 155 snapshots guarantees a time resolution capable to follow
the primordial stellar systems and to accurately account for gas recombinations during reionization.

Each snapshot was post-processed by using a standard friend-of-friends (FoF) algorithm with
a linking parameter of b = 0.2 and a minimum number of 100 particles to identify collapsed halos.
For each object we also stored positions and velocities of all particles in order to study, when a sufficient
number of particles is available, the halo internal structure (i.e., DM profiles, angular momentum,
internal motion, over-density structures, etc.). At z = 0, the LG contains 2458 halos and more than
13, 000 collapsed structures are found on a wider scale of 8 Mpc/side, while partially contaminated
with particles at lower mass resolution. Two of the halos in the LG have a DM mass MDM ∼ 1011 M�
and result similar to the ones estimated for M32, M33 or LMC-type in our local group (see Table 1
in Guo et al. [57] and references therein); 14 halos have 1010 .MDM < 1011 M�, while 98 are found
with 109 . MDM < 1010 M�. It is important to note that this configuration is representative of an
average MW-like halo found in large DM simulations and does not necessarily match the observed
local volume because another massive object resembling to M31 is missing at the observed distance,
while found within 8 cMpc (The absence of a M31-like halo within 4 cMpc implies that the total mass
of the resolved volume is too low with respect to the observations because recent estimates suggests
that MM31 & MMW [58]).

For each halo we built its merger tree (MT) by searching its particles in all previous snapshots;
when a certain particle is not associated with any halo, it becomes part of the diffuse intergalactic
medium, as seen in DM (DIGM). In this way we can exactly follow all the dynamical interactions
regulating the accretion of dark matter halos: mergers, tidal stripping, and halo disruptions.
This approach is sufficiently flexible and accurate to implement a future particle tagging technique
and to associate baryons and DM particles in order to mimic an inhomogeneous metal enrichment.

Finally, the spatial distribution of DM is obtained by mapping the particles on grids of
Nc = 512 cells/side; this provides a spatial resolution of ∼ 7.8 ckpc in mapping the LG. From these
DM grids, the gas distribution is easily derived by scaling the DM mass with the value of the universal
baryon fraction, constrained by our cosmology. Figure 1 shows a slice cut view of the LG volume at
z = 0, in which the MW-like central galaxy and its satellites are still connected through a cosmic web
of gas filaments. The same slice cut is shown in Figure 2a,b but refers to z = 0.11, i.e., the simulation
image closest to the highest redshift value of the LIGO–VIRGO coalescence window for GW150914
(z = 0.12), as adopted in Marassi et al. [50]. The left panel (a) shows the LG volume while the right one
(b) describes the cosmic web at the largest, 8 cMpc scale.
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Figure 1. Slice cut at z = 0 of the LG volume (43 Mpc3) in the GAMESH simulation described in
Graziani et al. [25]. The cut intercepts the central MW-like galaxy and clearly shows a plethora of
satellites orbiting the central object or falling into it along the filament of the surrounding cosmic web.
The gray palette shows the logarithm of the gas number density (Log(ngas)), derived from the DM
distribution and projected on a Cartesian grid of 5123 cells (see text for more details).

(a) (b)

Figure 2. Slice cuts at z = 0.11 of the LG volume (43 Mpc3, left panel, (a)) and the larger 8 cMpc volume
(right panel (b)) in the GAMESH simulation described in Graziani et al. [25]. The cut intercepts the
central MW-like progenitor galaxy and has the same color and grid conventions of Figure 1.

2.1.2. Galaxies with Stars and Metals

To simulate the galaxies forming at the center of each DM halo, we adopted a data-constrained,
semi-analytic approach tuned to guarantee that the central halo matches the properties of the Milky
Way and that the galaxies in the LG and in the larger 8 cMpc volume respect the scaling relations
observed in our Local Volume.

In each galaxy the star-formation rate is computed as proportional to the mass of gas (Mgas) and
to a certain process efficiency (ε∗), chosen to reproduce the observed value of the stellar mass (M?) in
the MW. More specifically, at each given time, stars are formed at a rate SFR = ε∗Mgas/tdyn, where
tdyn is the dynamical time of the hosting halo. In mini-halos (i.e., halos with Tvir < 2× 104 K) ε∗ is
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assumed to be εMH/ε∗ = 2× [1 + (Tvir/(2× 104K))−3]−1, as a result of the reduced efficiency of gas
cooling. Low-mass stars form according to the critical metallicity scenario [59,60] and assuming a
standard, salpeter-like initial mass function (IMF) if the gas metallicity is Z ≥ Zcr = 10−4Z�; massive
Pop III stars form instead if Z < Zcr, with a mass mPop III = 200 M�.

Supernova explosions and intermediate mass stars release metals in the gas of the galactic
Inter-Stellar Medium (ISM). The model assumes that they instantaneously and homogeneously
mix with gas, i.e., we adopt the so called instantaneous recycling approximation (IRA, Tinsley [61]).
A fraction of them successively escapes the hosting halos and enriches the diffuse IGM throughout
galactic winds. The mass outflow rate of supernova-driven winds is computed as Ṁgas,eje =

2 εw v−2
circ ĖSN, where εw is the wind efficiency, vcirc the host halo circular velocity, and ĖSN is the

energy rate released by SN explosions, which depends on the star formation rate and on the stellar
IMF (hence, a different value is adopted for Pop III and Pop II stars). The efficiency of winds is also
subject to calibration, in order to perform a fine tuning with observed properties.

In summary, the tuning process making GAMESH a data-constrained model involves only
two free parameters: the star formation efficiency in Lyα-cooling halos, ε∗, and the efficiency of
supernova-driven winds, εw. These are calibrated by requiring that the star formation rate, the stellar
and gas masses, and the metallicity of the simulated MW galaxy at z = 0 match the observed
values. Note that some of these quantities are inferred by independent studies and their values can
even differ by one order of magnitude, as a result of the alternative tracers adopted to perform the
observations or of the modeling strategy used to reconstruct the galaxy components (bulge, disk
and halo). The interested reader can find in Kennicutt [62], McKee and Ostriker [63], Kennicutt and
Evans [64], Bland-Hawthorn and Gerhard [65] a large collection of critically revised estimates and
galaxy modeling techniques. In Graziani et al. [25] we have shown that by adopting ε∗ = 0.09 and
εw = 0.0016 we can easily reproduce the stellar mass and the mass of gas and metals in the MW ISM
at z = 0.

The accurate feedback implemented in GAMESH has been also proven to reproduce many scaling
relations observed in our Local Universe [25,50], as well as a plausible SF history of a MW-like galaxy.
In the redshift range 0 < z < 4 the star formation rate (SFR), stellar, gas, and metal masses of the
MW progenitors are in agreement with recent observations [66], although their gas fractions have a
shallower evolution in the 3 Gyr period between z = 2.5 and z = 1. Moreover, the distribution of the
most massive MW progenitors is consistent with the fundamental plane of metallicity (FPZ) [67,68]
and aligned with the fundamental metallicity relation (FMR) [69].

In Ginolfi et al. [44], after introducing a model of dust production, we compared the chemical
properties of dwarf galaxies with the DGS and KINGFISH [70] catalogs showing that the observed
sample of low-stellar and low-metallicity galaxies is well covered by our simulation. Additional details
on the statistics of star forming objects at z = 0 are shown in Appendix A of Marassi et al. [50]:
the stellar mass of the GAMESH galaxies largely covers the low-end of the observed sample
(Log(M?/M�) > 6.5), while the high-mass population of the ALLSMOG sample has a limited
coverage due to the bias introduced by the size of our simulated volume. Finally note that the mass
metallicity relation at z = 0 of the simulated data has a trend in good agreement with the observed
relation, as shown in the same appendix.

2.1.3. Radiative Feedback on Star Formation

Depending on the problem at hand, GAMESH can adopt different prescriptions to account for
the contribution of radiative feedback. In semi-analytic working mode GAMESH assumes instant
reionization, i.e., only galaxies of mass Mh > M4(z) = 3 × 108M�(1 + z)−3/2 (Mh > M30(z) =

2.89× M4(z)) can form stars prior to (after) reionization, which is assumed to complete at z = 6.
In this case the star formation efficiency in mini-halos is decreased ∝ T−3

vir , to mimic the effects of a
homogeneous Lyman–Werner background. When GAMESH runs in full feedback mode, it performs a
full radiative transfer simulation and the formation of stars is not regulated by the halo mass but by
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photo-ionization feedback, i.e., by the temperature of the gas in the IGM. In this way we follow with
accuracy the process of reionization of the environments in which MW progenitors and dwarf galaxies
evolve in redshift and the model accounts for the inhomogeneities intrinsic in the reionization process
and due to the presence of the cosmic web.

Radiative transfer simulations are performed at the redshift zi of each snapshot and start
propagating photons for a duration corresponding to the physical time separating zi and z(i+1);
the resulting 3D maps of the gas ionization fractions (xgas(zi)

) and temperature (Tgas(zi)
) are used

as initial conditions of the subsequent run at zi+1. Our RT adopts a Monte Carlo-based scheme
implementing 3D ray tracing of ionizing radiation and a gas medium composed by H and He,
atomic metals and dust. The ionizing packets have Nγ photons per frequency, and they cross the gas
distribution derived from the DM grids. At each cell crossing, the total optical depth τ is computed
and the amount of absorbed photons evaluated as Nabs = Nγ(1− eτ). This is further used to calculate
the ionization fractions xs of all the s species and the gas temperature Tgas of the crossed cell. The
interested reader can find more technical references in [42,43].

The list of ionizing sources is provided in the box grid by converting the properties of the star
forming galaxies (Pop II/Pop III SFR, Z∗) into ionizing sources with specific spectral properties.
The ionization rates and spectral shapes of Pop II stars are computed accordingly to Bruzual A. and
Charlot [71] and to an assumed IMF in the mass range [0.1− 100]M�. A different spectral shape
and ionization rate are then associated with each of the Pop II star forming galaxy, also depending
on its population lifetimes t∗ and stellar metallicity Z∗. Finally, a grid of pre-computed spectra
integrated in specific lifetime bins t∗ ∈ {0.001, 0.01, 0.1, 0.4, 1.0, 4.0, 13.0} Gyr and stellar metallicity
Z∗ ∈ {0.005, 0.2, 0.4, 1.0, 2.5}Z� is used to derive the spectrum and ionization rate. Pop III stars
are assumed to have an ionization rate per solar mass, Ṅγ = 1.312× 1048 [photons s−1/M�] [72]
(corresponding to M∗ ∼ 200 M�), averaged on a lifetime of about 2.2 Myr. Their SED is modeled as a
black body spectrum at temperature TBB = 105 K.

Figure 3 shows an example of the irregular temperature pattern created by the progress of
reionization in a slice cut of the cosmic volume analyzed in Graziani et al. [24]: photo-ionized bubbles
expand from the star forming halos depending on a complex series of radiative transfer effects
modulated by the surrounding, irregular, cosmic web; as a consequence they have an inhomogeneous
impact on the next generations of star forming galaxies. To make this picture more clear, in the same
figure we over-plotted iso-contours of the gas number density distribution (see caption for more
details). It should be noted that while the above results are clearly showing a significant impact of
the reionization process on small galaxies, a direct extrapolation of them is not possible to the new
generation of DM simulations shown in Figure 2a,b, as they differ not only in scale but also in mass and
spatial resolution. For the above reasons a new set of GAMESH simulations accounting for detailed
reionization is planned (Graziani et al., in prep.).

Feedback on star formation is implemented by evaluating the gas temperature of each galaxy
environment, defined as the cell of the grid in which the galaxy spatial coordinates belong to. In this
scheme, the gas distribution surrounding halos relies on the spatial resolution of the RT (∆L = Lb/Nc)
and we compare the virial radius Rvir of the galactic halo with ∆L/2. If 2Rvir/∆L ≤ 0.1, the galactic
environment is mainly set up in the cell containing its center of mass; its ionization fractions and
temperatures are then xgal = xcell, Tgal = Tcell. If, on the other hand, 2Rvir/∆L > 0.1 the gas
reservoir of the galaxy could extend to the surrounding cells and Tgal is assigned by volume averaging
across them. It should be noted that the threshold value 0.1 depends on the grid resolution and it
could require additional tuning for higher Nc. Once assigned for each galaxy, xgal is used to evaluate
the mean molecular weight µ of the gas and then to calculate the virial temperature of the galactic halo
Tvir (see the formulas in Barkana and Loeb [73]). If Tgal < Tvir, star formation in the galaxy is allowed
in the successive step and a new list of star forming galaxies with their SFR, stellar metallicity and
population type is provided to the next step.
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Figure 3. Slice cut at z ≈ 12 of the logarithm of the gas temperature (LogT [K], from blue (≈100 K)
to red (≈ 5× 104 K)) as predicted by the GAMESH simulation described in Graziani et al. [24] and
including inhomogeneous reionization simulated by radiative transfer. The box size of this image
is 2 cMpc, centered on the MW forming galaxy and it is projected on a Cartesian grid of 1283 cells.
Over-plotted to the temperature map we show some iso-contours of the gas number density ngas

corresponding to 10−3 cm−3 (solid green), 2.0× 10−3 cm−3 (solid cyan), 3.0× 10−3 cm−3 (dashed
black), 4.0× 10−3 cm−3 (solid black).

2.2. Stellar Binaries

On top of the galaxy framework described above, the new generation of GAMESH simulations
introduces additional constraints to the model of cosmic star formation by accounting for binary
systems [46,50]. GAMESH relies on a binary population synthesis (BPS) code, which is capable to
follow the stellar and dynamical evolution of a binary system, once its initial conditions are specified.
Adhering to the statistical principle that star formation is a stochastic process and that a fraction f2?

regulates how many binaries are formed for each event of a newly generated M?, GAMESH assigns
in each galaxy with SFR > 0 a mass of binaries M2,? = f2?×M?. The properties and evolution
of stars in the binary are simulated as a function of the metallicity of the gas (Zgas) from which
they form, while the dynamical parameters of the system are randomly sampled from pre-assigned
dynamical distributions.

The combination of these parameters is used to generate a large database of pre-computed binary
systems from which to randomly sample M2,?, as detailed in Section 2.3. Before providing more
technical details on the current implementation, it is worth to mention that while our scheme is not
necessarily linked to a specific BPS, so far we adopted the code SeBa (http://www.sns.ias.edu/starlab/
seba/), in its recently modified version by Mapelli et al. [74].

The algorithm of SeBa was originally developed by Portegies Zwart and Verbunt [8] and
Nelemans et al. [75] to follow the evolution of a binary system by accounting for a detailed
stellar and dynamical evolution scheme including: stellar composition, winds, mass transfer and
accretion, magnetic braking, common envelope phase, supernova kicks, and gravitational radiation.
Mapelli et al. [74] successively modified the original code to include the gas metallicity dependence
in the evolution of stellar components [76], in winds [49,77], and in the remnant formation [78].
Furthermore, SeBa is an open source code which can be easily adapted and extended to account for
more stellar properties (e.g., the stellar and binary spins) and to explore additional physical constraints
which could become available in future observations, as discussed in Marassi et al. [50].

In particular, the databases currently adopted by GAMESH contain a large number of binary
systems (from 2 × 106 to 2 × 107), spanning different ranges of combination of dynamical initial
conditions, randomly selected from independent distribution functions (see Schneider et al. [46],

http://www.sns.ias.edu/starlab/seba/
http://www.sns.ias.edu/starlab/seba/
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Marassi et al. [50] for more details). Each database spans k = 1, ..., 11 different values of the stellar
metallicity, covering the range 0.01 ≤ Z/Z� ≤ 1. At fixed k, the following initial conditions apply:

• a Kroupa Initial Mass Function (IMF, Kroupa [79]) regulates the distribution of the primary stellar
mass, m1,?, in a suitable mass range, while the secondary star has a mass m2,? generated according
to a flat distribution for the mass ratio q = m1,?/m2,? with 0.1 < q ≤ 1;

• the initial semi-major axis (a) has a flat distribution in log(a) (see Portegies Zwart and Verbunt [8]),
ranging from 0.1 R� (Roche lobe contact) up to 106 R�;

• the eccentricity e of the binary is sampled from a thermal distribution f (e) = 2e in the interval
[0, 1] [80].

A list of the currently available databases can be found in Appendix B of Marassi et al. [50],
where their usage is also described, based on their statistical significance. Finally, it is important
to point out that GAMESH can change its databases by selecting a different BPS, if required by a
specific problem. For example, the MOBSE code [13] is a recent alternative to SeBa which offers
many improvements in the treatment of metallicity-dependent stellar evolution, new prescriptions for
core-collapse supernovae (SNe) and accounts for the dependence of stellar winds on the Eddington
factor. Another possibility is provided by the SEVN code [81], which is very promising to explore
the binary systems generated in the low-metallicity regime. In Appendices B,C of Marassi et al. [50],
more details on the adopted databases and their properties are provided, also depending on the
scientific problem at hand.

2.3. Formation and Coalescence Sites

Here we describe how GAMESH uses the BPS databases to associate binaries with star forming
galaxies and how compact binary systems evolve along the hierarchical assembly of structures,
until their coalescence occurs.

Consider a certain redshift zi and the list j ∈ {1, ..., N} of star forming halos (SFRj,i > 0) having
gas metallicity Zj,i. The newly formed stellar mass in binaries is defined, in each halo, as M2?

j,i =

f2? ×M?
j,i (The binary fraction f2? is assumed to be redshift independent). To predict which binary

belongs to M2?
j,i, GAMESH first identifies the metallicity bin k by checking that Zk−1 < Zj,i < Zk+1

and then saturates the value of M2?
j,i by randomly sampling binary systems contained in the k−bin. It

should be noted that if the scientific problem requires to investigate only a specific family of binaries
(e.g., compact stars), the above sampling can be simplified by considering the fraction of M2?

j,i

contained in the IMF mass interval in which compact objects form. For example, Marassi et al. [50]
investigated the population of massive binaries generating GW150914-like events by adopting a
sampling database in the IMF mass range of [8.0, 100.0] M� and with an assumed SALPETER-like
shape; in this way only ∼ 14 % of the total mass in binaries M2?

j,i required random sampling.
Thanks to the particle-based merger-tree of GAMESH (see Section 2.1.1), galaxies hosting the

formation of binaries can be unequivocally identified with their lower redshift descendants, in which
coalescence occurs. The cosmic history of each DM halo and the binaries living in its galaxy can
also be followed through dynamical events: halo mergers, tidal interactions, and halo disruptions.
The baryonic evolution of the associated galaxy can be investigated as well by assuming that its
stellar mass (modeled at the center of each DM halos) is transferred from ancestors to descendants by
scaling with the DM mass transfer ratio. This assumption also guarantees that there is no ambiguity
in the transfer of the associated binary systems along the cosmological evolution from progenitor to
descendant galaxies.

By repeating the above algorithm in all the j−halos and along the redshift evolution, we can then
track all the cosmic history of binary systems, consistently with the star formation history. In summary:

• GAMESH correlates the temporal evolution of binary systems living in galaxies with the large
scale process of structure formation, down to z = 0.
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• Our approach is particularly effective for small dwarf galaxies, because of the many feedback
processes accounted for, which strongly impact the evolution of small objects.

• The algorithm described above is sufficiently general to follow both the gravitational and the
electromagnetic emission from all the sampled binaries systems, not necessarily the ones evolving
into BHBH, BHNS and NSNS compact binaries. Their electromagnetic emission during the stellar
evolution phases, in particular, can be additionally modeled with great details thanks to the rich
set of information provided by the BPS on stellar radii, surface temperature, evolutionary status,
and efficiency of mass transfer exchange. For example, by adopting SeBa, it is possible to track
all the stellar stages during the binary evolution: from their proto-stellar phase to their X-rays
pulsar or radio pulsar phases, if the components evolve into a neutron stars. This information is
also provided as function of time for each system so that the radiative properties of the binary
population can be modeled consistently with the galaxy formation process. In this way also the
sources accounted for in the radiative scenario are significantly improved.

• As star forming galaxies are populated by the statistical principle of random sampling, the
method requires convergence tests. An example of this validation procedure is provided in
Marassi et al. [50], Appendixes B and C.

3. Results and Model Predictions

Here we illustrate the kind of predictions the GAMESH model can provide. In Section 3.1
we show the evolution of the halos hosting the birth of binaries originating GW150914-like signals,
while Section 3.2 explores the time evolution of the candidate binary systems.

3.1. Evolution of Birth and Coalescence Hosts

Thanks to the particle-based merger tree of GAMESH, once a galaxy is identified as hosting the
birth of a stellar binary evolving into a coalescing system, its cosmic assembly can be described in both
dark and baryonic matter so that the dynamical origin and metallicity of its stellar component can be
theoretically understood.

In Marassi et al. [50] we investigated the early assembly of high redshift dwarf galaxies hosting
the birth of stellar binaries originating GW150914-like signals. We have shown that multiple dynamical
channels are available for the formation of suitable hosts. For example, dwarfs born at the edge of
the cosmic volume can effectively escape the gravitational potential of the central MW and live as
isolated low-redshift small galaxies at the time the gravitational signal is generated. More complicated
histories exist as well, as star forming low metallicity dwarf galaxies can derive from an assembly
history involving many companions, merging together. In Figure 4 we show an unpublished example
taken from the cited study; from top to bottom panels contain the redshift evolution of Mvir, SFR, Z of
three halos (indicated by different line colors and symbols) which contribute the assembly of the final
dwarf galaxy hosting a candidate for the GW150914 signal. It is evident that after an episode of star
formation occurring before the end of reionization (red halo) the halos continue to assemble their gas
and metals from the IGM without producing stars; they will finally merge into a single object which
experiences its episode of star formation below z ∼ 2.5 (not shown in the figure). This resulting dwarf,
which remained undetectable in the redshift range 2.5 < z < 6.5 due to its negligible stellar content,
silently accumulated its gas mass and a very low metal content; from the above conditions a massive
stellar binary can still form at relatively low redshift and evolve in a BHBH system with masses
compatible with the generation of GW150914. Note that the coalescing compact binary also requires a
coalescing time tc compatible with the LIGO–VIRGO observed redshift; the orbital parameters suitable
to generate the adequate value of tc will be investigated in the next section.
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Figure 4. Redshift evolution of log(Mvir/M�) (top panel), log(SFR/M�) (middle panel), and
log(Z/Z�) (bottom panel) of three halos assembling a final one which will host a stellar binary
evolving into a BHBH generating GW150914 Marassi et al. [50]. In each panel different evolving halos
are indicated by different symbols and colors. The epoch of the assumed reionization is highlighted
with a cyan shadow.

Finally note that a similar analysis can be performed on the coalescence sites by simply following
the merger tree of the first host, down to the coalescence redshift of each binary. This question is
extensively investigated in Schneider et al. [46], Marassi et al. [50].

3.2. Evolution of Stellar Binaries

Once a stellar binary is randomly associated with a star forming halo, the BPS database adopted
by GAMESH provides the detailed time evolution of the system from its birth as stellar pair, down
to the time of coalescence as compact binary. The values of both stellar progenitor types and their
successive BH masses, as well as the orbital parameters of the binary system (i.e., semi-major axis a and
eccentricity e), are generally tracked by the BPS each time a change occurs in the stellar evolution of
the components. In this section we show the statistics of these quantities targeting on candidate binary
systems for GW150914. Their selection is based on the masses of the BH components and the redshift
range in which the emission of the GW signal is predicted by the model. In the case of GW150914 we
then simultaneously require that M1,BH ∼ [32.6–40.4] M�, M2,BH ∼ [26.2–33.6] M� and the redshift of
coalescence zc is within zc ∈ [0.06, 0.12]. Once the above requirements are applied to the entire redshift
evolution of our galaxies, GAMESH selects 183 unique binary systems from the SeBa database (Note
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that these systems can occur more than one time across galaxies and redshifts), all found in the three
metallicity bins at Z ≤ 0.05 Z�.

For each SeBa system we have then access to the evolution of its stars and orbital parameters:
semi-major axis (a) and eccentricity (e). In the case of GW150914 we note that the stellar progenitors
evolve into BHs on very rapid time scales with respect to the successive black hole merger times: all
the above systems form a BHBH binary within t f ,c ∈ [3.52–3.78] Myr, while the successive coalescence
time tc [82] spans several Gyrs and has a wider distribution depending on both the chirp mass of the
binary (The chirp mass of a compact binary system is defined asM≡ µ3/5M2/5, where µ and M are
the reduced and total mass of the binary, respectively) and the values of a and e set up at the time of
BHBH formation.

Figure 5a,b show the component masses of stellar progenitors and resulting black holes, all created
within t0,? ≈ 3.6 Myr for GW150914. The stellar progenitors have stellar masses in Zero Age Main
Sequence (ZAMS) phase M? > 80 M� while it should be noted that the upper limit shown in panel (a)
is imposed by the chosen IMF mass range. To prove the existence of more massive stellar candidates
we should adopt a different BPS, suitable to describe the stellar formation and evolution at very low
gas metallicity. We will explore this problem in a future study by creating a binary database with
SEVN [12,81], a new generation BPS targeting the evolution of very massive and low-metallicity binary
systems (i.e., masses ranging in the Pop III – Pop II transition regime (i.e., M? > 100 M�)).

(a) (b)

Figure 5. Primary and secondary mass of the stellar progenitors (left panel (a)) and equivalent masses
of their BHs (right panel (b)) in the GAMESH simulation described in Marassi et al. [50].

By comparing panel (a) and (b) it is immediately evident that the dynamical evolution of the
binary strongly affects the mass of the formed BHs, also breaking the original mass distribution of the
two stellar components: for an assigned mass of the primary BH a significant spread in mass of the
secondary is in fact allowed in the right panel. We verified that a large number of the SeBa systems
shown here are flagged during their evolution as detached systems with a continuous mass-transfer.
Note that the formation of a BH is still a subject of intense debate due to the large uncertainties in
modeling the collapse process through plasma instabilities (see for e.g., [83]) and that their impact is not
accounted for by the SeBa code. More recent BPS models, such as MOBSE [13] and SEVN [12] improved
the stellar evolution of the binary components in many of the above aspects and the SeBa predictions
for lower BH masses should require additional benchmark with these new models. As described
in Section 2.3, the GAMESH binary database has been designed to be BPS-independent so that the
predictions made on top of the cosmological evolution can be reinforced by running different BPSs.
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Once the compact binary is formed, the redshift of its coalescence (and hence the one of its galaxy
host) is set up by tc. In SeBa tc is computed as tc = t0,BH(e0,BH)× f (e0,BH), where:

t0,BH =
c5

G3

5a4
0,BH

256M2µ
, (1)

f (e) = (1 +
73
24

e2 +
37
96

e4)(1− e2)−7/2. (2)

and then it primarily depends on both the chirp mass M and the evolution of a and e within t0,?.
In Figure 6a,b we show how the statistical distribution of the above orbital parameters evolves from
the birth of the binary (dashed gold histograms) to the time at which the BHBH forms (solid black
histograms). In both panels it is clear that these histograms reflect the initial distribution functions
chosen to generate the BPS database as described in Section 2.2: systems form in a wide eccentricity
range with a moderate prevalence of very eccentric systems e ≈ 1 and an initial semi-major axis
which picks around a ≈ 103 AU. Within t0,? all the binaries circularize with eccentricity parameter
e0,BH < 0.23 and a0,BH picking at a strongly reduced distance of a0,BH ≈ 40 AU. Note, on the other hand,
that from Equations (1) and (2) the contribution of the eccentricity to the coalescence time is moderated
by the f (e) function while the semi-major axis contributes strongly with a tight a4

0,BH dependence.

(a) (b)

Figure 6. Eccentricity (left panel, (a)) and semi-major axis (right panel (b)) distributions at the times
of stellar binary formation (gold-dashed histograms) and at the successive initial times of the BHBH
systems (solid-black histograms).

The distribution of tc as function ofM is shown in Figure 7 for all the GW150914 candidates.
The points clearly show an indiscernible dependence of tc from the chirp mass, while forM > 0.0043,
only systems with tc > 9 Gyrs are allowed. Interestingly, and independently onM, the largest sample
of points has a cosmologically relevant coalescence time (tc > 8 Gyr) mainly set up by the semi-major
axis, also suggesting that the binary progenitors generating GW150914-like events can likely originate
from high redshift dwarfs [46,50].
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Figure 7. Coalescence time tc of all the SeBa binaries generating GW150914 as a function of their chirp
massM.

4. Conclusions

In this paper we have described how the galaxy formation model GAMESH was recently
extended and improved to consistently account for the evolution of compact binary systems along the
cosmological assembly of a MW-like galaxy and its dwarf satellites. We have shown the predictive
capability of the GAMESH model in interpreting the evolution of galaxies hosting both the birth
and coalescence of compact binaries originating gravitational wave signals like the GW150914 event,
detected by the LIGO–VIRGO collaboration.

In particular:

• GAMESH includes a rich set of feedback processes capable to constraint the high redshift evolution
of small dwarf galaxies, fragile to mechanical, chemical and radiative feedback;

• thanks to the data-constrained nature of our model, GAMESH is capable to match a large set of
properties of the central MW-like galaxy and naturally reproduces the scaling relations observed
in the local redshift universe;

• by coupling the galaxy evolution with a large database of binary systems evolving in compact
objects, GAMESH predicts the galaxy hosts in which coalescence events occurs;

• by focusing on the binaries generating GW150914-like signals in dwarfs galaxies, we have shown
that complex cosmic histories can connect birth and coalescence hosts. While the masses of the
BHBH binaries depend on the gas metallicity of the birth dwarfs and the dynamical evolution of
the stellar progenitors, the coalescence time tc selects the coalescence hosts and mainly depends
on the initial value of the BHBH semi-major axes.

Future studies will focus on performing detailed reionization simulations to asses the impact of
a realistic inhomogeneous process on the evolution of high-redshift dwarfs and on interpreting the
large number of events which will become available by integrating the contributions of the O1-O3
LIGO–VIRGO observational runs.
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