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Abstract

In massive binary-star systems, supernova (SN) explosions can significantly alter the orbit during the formation of compact objects. Some compact objects are predicted to form via direct collapse, with negligible mass loss and no baryonic ejecta emitted. In this scenario, most of the energy is released via neutrinos and any resulting natal kick arises from asymmetries in their emission. Here, I investigate stellar collapse leading to binary black hole (BH) formation, with a focus on how the natal kick influences the gravitational-wave driven merger time. In summary, I find that when mass loss is negligible, natal kicks are unlikely to affect binary BH merger rates, delay times, or spin orientations. More specifically, I find the following. For low natal kicks, the effect on the time to coalescence is negligible. For moderate natal kicks, if the binary remains bound, up to 50% of binary BHs experience a decrease in their time to coalescence by more than one order of magnitude. For large natal kicks, while most binaries become unbound, those that remain bound may acquire retrograde orbits and/or lead to shorter coalescence times. For binary BH mergers, large natal kicks (≳100 km/s) are hard to reconcile with both neutrino natal kicks and the complete collapse scenario. This suggests that retrograde orbits and shortened merger times could only arise in volatile BH formation scenarios or if spin-axis tossing is at work. Consequently, electromagnetic observations of BHs in massive star binaries within the Local Group offer a more effective means to probe the physics behind complete collapse. Another promising population for deciphering the complete collapse scenario is that of massive, wide binaries. Although Gaia may help shed light on these systems, longer observational baselines will likely be needed to fully understand the roles of neutrino natal kicks and stellar collapse in BH formation.

Key words: black hole physics / binaries: general / supernovae: general


1. Natal kicks in binary systems
The role of supernova (SN) explosions on the orbits of binary systems formed in isolation has been extensively studied in various contexts, including X-ray binaries (e.g. Brandt & Podsiadlowski 1995; Kalogera 1996), disrupted systems resulting in runaway stars (e.g. Tauris & Takens 1998), or isolated compact objects–such as neutron stars (e.g. Pfahl et al. 2002) and BHs (e.g. Andrews & Kalogera 2022), and double compact object mergers (e.g. Kalogera 1996, 2000; Tauris et al. 2017; Beniamini & Piran 2024).
These studies assume that the SN explosion occurs instantaneously, resulting in a mass decrement in the system and a natal kick imparted to the newly formed compact object, both linked to emissions and asymmetries from baryonic matter, neutrinos, and (to a lesser extent) gravitational waves (see e.g. Vigna-Gómez et al. 2024, and references therein).
For a circular pre-SN binary (e.g. Postnov & Yungelson 2014; Tauris & van den Heuvel 2023), the change in orbital separation and eccentricity following the SN is given as
[image: thumbnail](1)
and
[image: thumbnail](2)
where a is the semi-major axis, e is the eccentricity, M is the total mass, V is the relative velocity (in the tangential direction, see Figure 1), and the ‘pre’ and ‘post’ subscripts indicate the quantities before and after the SN, respectively. The natal kick vector, v, consists of components in the radial (vr), tangential (vt), and polar (vp) directions within the frame of reference of the exploding star.
	[image: thumbnail]	Fig. 1. Geometry of a circular binary system. The system is comprised of a star, which is destined to experience complete collapse into a BH, and its companion. In this case, the object is represented as a BH. The reference frame is centred on the star at the moment of collapse, and its defined by the radial (r), tangential (t), and polar (p) orthogonal axes. In this frame, the orbital plane is defined as the r − t plane, with the orbital angular momentum vector (Jorb) along the p-axis. A natal kick on the collapsing star may have components in radial, tangential, and polar directions. The binary orbit is prograde (or retrograde) if the component spins of the star and black hole (BH) are aligned (or anti-aligned) with the orbital angular momentum vector.



In binary systems, there are two limiting scenarios for SNe: spherically symmetric mass loss with no natal kick and natal kicks with negligible mass loss. The former scenario has been extensively studied in the literature (e.g. Blaauw 1961). In the following, I focus on exploring the latter scenario, particularly in the context of binary BH mergers.
2. Binary BHs formed via direct collapse
In the direct collapse scenario a BH forms without an explosion (e.g. Janka 2012). In this scenario, which is often invoked in the context of the formation of BHs more massive than about 10 M⊙ (e.g. Burrows et al. 2025, and references therein), there is negligible baryonic mass ejecta and no associated hydrodynamic natal kick. The only radiated energy is approximately 0.1 M⊙ via neutrinos, which accounts for less than 1% of the mass of stellar-mass BHs with masses greater than about 10 M⊙. Therefore, for direct collapse leading to binary BH formation, I assume Mpre = Mpost (i.e. no baryonic mass is ejected) and that any resulting kicks stem predominantly from asymmetries in neutrino emission. To simplify Eqs. (1) and (2), the natal kick components are parametrised as
[image: thumbnail](3)
This transformation enables me to analyse how natal kicks influence the orbital parameters of newly formed binary BHs. The magnitude of (neutrino-induced) natal kicks in BHs remains a topic of active debate in astrophysics, with predictions ranging from roughly 1 km/s (Janka & Kresse 2024, and references therein) to ∼100 km/s (e.g. Burrows et al. 2024).
I proceed to address the impact of natal kicks in the time to coalescence of binary BHs. To do so, I compare the time to coalescence just before (Tpre) and just after (Tpost) the formation of a binary BH. I followed Peters (1964) in deriving the time to coalescence for two point masses, M1 and M2, as
[image: thumbnail](4)
where c is the speed of light, G is the Gravitational constant, and the subscript ‘0’ denotes initial values. The function F(e0) includes an integral that can be solved analytically (Pierro & Pinto 1996). Here, I use a computationally efficient analytical approximation (accurate to within 3%), as presented in Mandel (2021),
[image: thumbnail](5)
which I used to compute the role of eccentricity following binary BH formation. In the direct collapse scenario, since the masses remain approximately unchanged, the time to coalescence will be affected exclusively according to the change in separation and eccentricity. I can rewrite Eqs. (1) and (2), exclusively in terms of the parametrised natal kicks components, as
[image: thumbnail](6)
and
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respectively. Figure 2 presents the ratio Tpost/Tpre as a function of fkick for three illustrative scenarios where natal kicks occur either in the radial, tangential, or polar direction. Kicks in the radial (fkick = ⟨fr, 0, 0⟩) and polar (fkick = ⟨0, 0, fp⟩) directions increase the time to coalescence, especially as fkick → 1. For radial and polar kicks, if fkick > 1, the binary is disrupted resulting in two isolated BHs. Kicks in the tangential direction (fkick = ⟨0, ft, 0⟩) are more complex. A kick along the orbital velocity (ft > 0) increases the time to coalescence, but disrupts the binary if [image: equation]. Conversely, a kick opposite to the orbital velocity with −2 < ft < 0 decreases the time to coalescence, with a divergence at ft → −1 as the orbit becomes parabolic. For values of [image: equation], the time to coalescence always increases; if [image: equation], the binary is disrupted. A tangential, anti-aligned kick with ft < −1 results in a retrograde orbit, in which the component BH spins are anti-aligned with the orbital angular momentum vector (see Figure 1).
	[image: thumbnail]	Fig. 2. Ratio of the time to coalescence via gravitational-wave emission, parametrised by the orbital properties just after (Tpost) and just before (Tpre) binary BH formation, as a function of fkick := v/Vpre, where v is the natal kick vector and Vpre is the magnitude of the relative orbital velocity before binary BH formation. I illustrate three scenarios: natal kicks occurring either in the radial (solid blue), tangential (dashed orange), or polar (dotted green) direction.



Figure 3 illustrates the effect of natal kicks on the time to coalescence. For a given magnitude of fkick, I sampled 106 isotropically distributed natal kick vectors. I computed the fraction of systems that remain bound, which can be determined analytically (e.g. Equation 13.4 in Tauris & van den Heuvel 2023) and is expressed as
[image: thumbnail](8)
	[image: thumbnail]	Fig. 3. Fraction of systems of interest as a function of |fkick|:=fkick under the assumption that the direction of the natal kick is isotropic. Bound systems (Pbound, num) are shown as purple circles. Bound binaries in which Tpost/Tpre < 1 (or Tpost/Tpre < 0.1) are shown as brown triangles (or teal diamonds). Analytic solutions are shown for bound systems (Pbound, purple solid line) and the fraction of those bound systems that lead to retrograde orbits (Pretro, gray dashed line).



along with the probability that a bound binary results in a retrograde orbit (see Equation 2.20 in Brandt & Podsiadlowski 1995), expressed as
[image: thumbnail](9)
both of which are bound between 0 and 1. I quantified the fraction of systems where the time to coalescence decreases after the formation of the binary BH, denoted as Tpost/Tpre < 1, and specifically highlight those with a decrease of more than an order of magnitude, Tpost/Tpre < 0.1. For fkick ≲ 0.2, all systems remain bound; although about half result in a decreased time to coalescence, none change drastically. In the range [image: equation], all systems remain bound and nearly one-fifth see their time to coalescence decreased by more than an order of magnitude. For [image: equation], the fraction of bound systems consistently drops. The fraction of systems with a substantial decrease in time to coalescence peaks at approximately 0.23 for fkick ≈ 1, then decreases for fkick > 1. Bound orbits with fkick > 1 tend to have retrograde orbits (cf. Figure 3 in Brandt & Podsiadlowski 1995).
Broadly, there are three regimes relevant in this context, as detailed below:

	
Low-magnitude natal kicks (fkick ≲ 0.2) which always result in a bound binary with negligible impact on their time to coalescence.



	
Natal kicks with magnitudes comparable to the orbital velocity before the formation of the binary BH (fkick ≈ 1) can significantly reduce the time to coalescence, but are also likely to disrupt the binary.



	
Large-magnitude natal kicks (fkick > 1) rarely result in a bound binary. However, when they do, they often lead to retrograde orbits and the time to coalescence may decrease substantially. These potentially retrograde orbits have been initially discussed in models of X-ray binaries (Brandt & Podsiadlowski 1995) and, more recently, in the context of binary BH mergers (Baibhav & Kalogera 2024).




I note that my analysis omits the following: (i) the pre-SN binary may be eccentric (see appendices of Hurley et al. 2002; Pfahl et al. 2002, for SNe in eccentric binaries); (ii) the explosion might not be instantaneous (see Hirai et al. 2024, and references therein); and (iii) there could be some mass loss, which tends to widen the orbit and increase its eccentricity while keeping the pericenter constant.
3. Characteristic orbit of the pre-SN binary
The results presented thus far are scale-free. For binary BH mergers, one characteristic scale is determined by the maximum separation at which they would merge within the age of the Universe (alim), which can be estimated using Eq. (4). Subsequently, this allows for the determination of a limit orbital speed,
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which represents the speed of the star, just before the formation of the second BH, in its frame of reference (Figure 1).
Figure 4 presents vlim for binaries with primary star mass between 1 ≤ M1/M⊙ ≤ 1000 and mass ratios, q : =M2/M1 = {0.1, 1}. The black line indicates the vlim threshold that determines which binary BHs (formed without natal kicks) can merge within the age of the Universe; values below this line correspond to binaries that are too wide to merge and therefore cannot become gravitational-wave sources. For a given mass ratio, the region between the blue and red lines corresponds to natal kick magnitudes, which (for that specific orbital configuration) always result in retrograde orbits. Finally, the red line marks the limit above which binaries become gravitationally unbound.
	[image: thumbnail]	Fig. 4. Limit orbital speed (vlim) as a function of mass for a star that is about to experience complete collapse in a binary system. The limit orbital speed determines the minimum relative orbital speed a star in a binary must have in order to merge within the age of the Universe (black lines). For a given binary system, a natal kick [image: equation] will lead to a retrograde orbit (blue lines) and a natal kick above [image: equation] will disrupt the binary (red lines). The characteristic speed depends on the mass ratio (q := M2/M1), which I consider to be either q = 0.1 (dashed lines) or q = 1 (solid lines).



For a star mass of 10 M⊙ with a mass ratio q = 0.1 (or q = 1), the limit orbital speed is vlim ≈ 41 km/s (or vlim ≈ 213 km/s). This implies that to disrupt the binary, the natal kicks must exceed roughly 100 km/s (or 515 km/s). It is important to note that progenitors of binary BH mergers may exhibit higher orbital speeds, which would in turn raise these limit values. Therefore, our current estimates for the limiting orbital speeds can be considered conservative. In the context of the complete collapse scenario, most models suggest that neutrino natal kicks are ∼1 − 10 km/s, with values reaching a few tens of km/s considered significant (Janka & Kresse 2024). Even models with large neutrino emission asymmetries cannot account for natal kicks of ≳100 km/s (Burrows et al. 2024). Based on a single observation of the X-ray-quiescent BH binary VFTS 243, the neutrino natal kick has been estimated to be around 0 − 10 km/s (Vigna-Gómez et al. 2024), consistent with a result of no natal kick. Thus, if our current understanding of neutrino natal kicks is correct, they would have a negligible impact on the binary BH merger time and are highly unlikely to result in a retrograde orbit.
Within the Local Group, several observations have identified high-mass stars and BH binaries at intermediate stages on their path to becoming binary BHs. Notably, the systems Cygnus X-1 (Mirabel & Rodrigues 2003) and VFTS 243 (Shenar et al. 2022) feature BHs that are candidates for complete collapse. In each case, the relative orbital velocity of the BH exceeds 100 km/s. If these velocities are representative of similar systems, especially just before the formation of the BH, only substantial natal kicks, most likely hydrodynamic in nature, could yield orbital flips. Although there is currently no consensus on the magnitude of BH natal kicks, tentative kinematic evidence suggests that at least some BHs receive kicks above 100 km/s (Nagarajan & El-Badry 2025).
I briefly outline one scenario where neutrino natal kicks might influence BHs with stellar companions. Models of isolated binary evolution predict a large population of BHs paired mainly with low-mass companions in the Galaxy (Breivik et al. 2017; Olejak et al. 2020). Many of these systems are expected to originate in wide binaries (Kruckow et al. 2024), making them sensitive to both low and moderate neutrino natal kicks. These wide binaries are likely to be initially eccentric and their spins need not be preferentially aligned, which makes probing orbital flips challenging. Nonetheless, one potential effect is that some wide binaries could be perturbed into tighter, more eccentric orbits, thereby becoming observable by Gaia (Gaia Collaboration 2016). While disentangling the influence of individual wide BH binaries might be difficult, their collective impact could be manifested at specific separations; this could support, for example, a super-thermal distribution.
4. Implication for spin-orbit alignment
Finally, natal kicks have often been considered to affect BH spins: a quantity that is indirectly inferred from gravitational-wave observations of binary BH mergers. In gravitational-wave astronomy, the best-measured spin quantity of binary BHs is given by the effective spin parameter
[image: thumbnail](11)
where χ1, 2 is the magnitude of the dimensionless spin vector, cos θ1, 2 is the misalignment angle between the orbital angular momentum vector and the respective spin vectors, and q = M2/M1 ≤ 1 is the mass ratio (e.g. Galaudage et al. 2021, and references therein). The effective spin parameter ranges between −1 ≤ χeff ≤ +1. It reaches −1 (or +1) for maximally spinning BHs that are completely anti-aligned (or aligned) with the orbital angular momentum vector. It tends to be close to zero when the spins are small or cancel each other out. For binary BHs formed from isolated binary stars, it has often been assumed that χeff ≳ 0, rarely (if ever) leading to negative values. However, Tauris (2022) showed that randomizing or tossing BH spin axes can explain the observed distribution of the effective spin, alleviating the need for strong kicks. Similarly, Baibhav & Kalogera (2024) finds that relaxing the assumption of spin alignment prior to the second SN can lead to precessing and retrograde binary BH mergers in isolated environments.
In our model, there are many caveats for a binary to lead to a retrograde orbit. Specifically, at the moment of the second collapse leading to the formation of the binary BH:

	
(i) 
the spins must be non-zero and aligned;



	
(ii) 
there must be no spin tossing during BH formation (i.e. the spin direction must not be random);



	
(iii) 
the natal kick needs to be either moderate or large; this is something that I show is particularly difficult to reconcile with the complete collapse scenario;



	
(iv) 
finally, the direction of the natal kick need to be either isotropically distributed or biased toward the negative tangential direction.




If the above conditions are met, the binary BH would yield χeff < 0. This is a value often linked to a dynamical formation scenario and the time to coalescence could be considerably reduced. Our findings suggest that neutrino natal kicks are unlikely to induce orbital flips. If orbital flips do occur, they are more plausibly explained by (larger) hydrodynamic kicks or spin-tossing. Consequently, inferring BH natal kicks from gravitational-wave observations may be challenging. The best prospects could come from electromagnetic observations within the Local Group; specifically, future discoveries of BHs in massive binary systems similar to Cygnus X-1 or VFTS 243. In addition, BHs with luminous companions in wide binaries (potentially detectable by Gaia) could offer valuable insights into BH formation.
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All Figures
	[image: thumbnail]	Fig. 1. Geometry of a circular binary system. The system is comprised of a star, which is destined to experience complete collapse into a BH, and its companion. In this case, the object is represented as a BH. The reference frame is centred on the star at the moment of collapse, and its defined by the radial (r), tangential (t), and polar (p) orthogonal axes. In this frame, the orbital plane is defined as the r − t plane, with the orbital angular momentum vector (Jorb) along the p-axis. A natal kick on the collapsing star may have components in radial, tangential, and polar directions. The binary orbit is prograde (or retrograde) if the component spins of the star and black hole (BH) are aligned (or anti-aligned) with the orbital angular momentum vector.
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	[image: thumbnail]	Fig. 2. Ratio of the time to coalescence via gravitational-wave emission, parametrised by the orbital properties just after (Tpost) and just before (Tpre) binary BH formation, as a function of fkick := v/Vpre, where v is the natal kick vector and Vpre is the magnitude of the relative orbital velocity before binary BH formation. I illustrate three scenarios: natal kicks occurring either in the radial (solid blue), tangential (dashed orange), or polar (dotted green) direction.
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	[image: thumbnail]	Fig. 3. Fraction of systems of interest as a function of |fkick|:=fkick under the assumption that the direction of the natal kick is isotropic. Bound systems (Pbound, num) are shown as purple circles. Bound binaries in which Tpost/Tpre < 1 (or Tpost/Tpre < 0.1) are shown as brown triangles (or teal diamonds). Analytic solutions are shown for bound systems (Pbound, purple solid line) and the fraction of those bound systems that lead to retrograde orbits (Pretro, gray dashed line).
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	[image: thumbnail]	Fig. 4. Limit orbital speed (vlim) as a function of mass for a star that is about to experience complete collapse in a binary system. The limit orbital speed determines the minimum relative orbital speed a star in a binary must have in order to merge within the age of the Universe (black lines). For a given binary system, a natal kick [image: equation] will lead to a retrograde orbit (blue lines) and a natal kick above [image: equation] will disrupt the binary (red lines). The characteristic speed depends on the mass ratio (q := M2/M1), which I consider to be either q = 0.1 (dashed lines) or q = 1 (solid lines).
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        Ratio of the time to coalescence via gravitational-wave emission, parametrised by the orbital properties just after (Tpost) and just before (Tpre) binary BH formation, as a function of fkick := v/Vpre, where v is the natal kick vector and Vpre is the magnitude of the relative orbital velocity before binary BH formation. I illustrate three scenarios: natal kicks occurring either in the radial (solid blue), tangential (dashed orange), or polar (dotted green) direction.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
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        Limit orbital speed (vlim) as a function of mass for a star that is about to experience complete collapse in a binary system. The limit orbital speed determines the minimum relative orbital speed a star in a binary must have in order to merge within the age of the Universe (black lines). For a given binary system, a natal kick [image: equation] will lead to a retrograde orbit (blue lines) and a natal kick above [image: equation] will disrupt the binary (red lines). The characteristic speed depends on the mass ratio (q := M2/M1), which I consider to be either q = 0.1 (dashed lines) or q = 1 (solid lines).

      

    

  OEBPS/aa56051-25-eq8.gif





OEBPS/aa56051-25-eq9.gif





OEBPS/aa56051-25-eq4.gif





OEBPS/aa56051-25-eq5.gif





OEBPS/aa56051-25-eq6.gif





OEBPS/aa56051-25-eq7.gif





OEBPS/aa56051-25-fig4_small.jpg









OEBPS/aa56051-25-eq1.gif





OEBPS/aa56051-25-fig2_small.jpg





OEBPS/aa56051-25-eq2.gif





OEBPS/aa56051-25-eq3.gif





OEBPS/aa56051-25-fig3_small.jpg





OEBPS/aa56051-25-eq16.gif





OEBPS/aa56051-25-eq15.gif





OEBPS/aa56051-25-eq18.gif
A EmeS






OEBPS/aa56051-25-eq17.gif





OEBPS/aa56051-25-eq12.gif





OEBPS/aa56051-25-eq11.gif





OEBPS/aa56051-25-eq14.gif





OEBPS/aa56051-25-eq13.gif
202






OEBPS/aa56051-25-fig1.jpg
jorb | |Z
S
Polar (p)

Radial (r)

Orbital Plane

Tangential (t)





OEBPS/aa56051-25-fig2.jpg
Tpost/ 7-pre

1000

100

—— Fria= (£,0,0)
— — Tua= (0.£,0)

- F ick= (0,0,f,)

1 2

f Kick





OEBPS/aa56051-25-fig3.jpg
Fraction
10 5066 @ emmmmmmmmaa-

1
N O Ppound,num

1
;A Tpost/Tpre<1

0.6? /0 Tpost/Tpre<0.1

AA ‘ .
04 AAAAAAA & ) Pbound

[ AAAAA .. 2 °°r Pretro
0.2 0600000040

: o . 4

<o .
©OOO———— e

: : RO HBH f
05 1.0 15 2.0 Klek





OEBPS/aa56051-25-eq10.gif





OEBPS/aa56051-25-fig4.jpg
Viim

km/s
— =1, figex=1+/2
— qg=1, fxick="3
1000 q » Tkick ‘/_

— :11fic =1
500_

Disrupted Binaries

100, oo-----mnoIIIIIIZeememmmmtTTT
50--"" " aeammmmmmmmTmTTT
------- ; - q=0.1, figg=T+12
10 Non-Merging ~ ----- q=0.1, fiick=3
' Binary BlackHoles ===~-- 0=0.1, fiick=1 %

1 10 100 1000 M,





OEBPS/aa56051-25-fig1_small.jpg





OEBPS/dash.png





