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Young stars in the Galactic Centre

HeI stars

• spectral type O,B, Wolf-Rayet stars, N ≈ 200

• age of ≈ 2 – 6Myr

• Clockwise stellar disc (CWS)

◦ inner edge at ≈ 0.04 pc

◦ moderate eccentricities, ⟨e⟩ ≈ 0.3

• statistical arguments for exitence of more structures

S-stars

• spectral type B, N ≲ 20

• ≈ 6Myr ≲ age ≲ 15Myr ≲ 100Myr (Habibi et al. 2017)

• a ≲ 0.02 pc, highly eccentric and randomly oriented orbits

Paradox of youth



Star formation in the Galactic Centre

Fragmentation of massive (> 104M⊙) gaseous disc (e.g. Bonnell &
Rice 2008, Hobbs & Nayakshin 2009, Mapelli et al. 2012)

Mapelli et al. 2012



Transportation of stars towards SgrA⋆

Paradox of youth remains – for S-stars at least → need to shrink
the orbit by a factor of ∼ 10

• two-body relaxation does not work (it does a bit –
see Šubr & Haas 2014)

• gas drag (L.Š. and others; to be revisited)

• few-body dynamics – the Hills (1991) mechanism

Where do the binaries come from?

• lot of star formation within 100 pc from SgrA⋆

• nuclear star cluster / CWS / parent star-forming disc

• need to push stars (binaries) to near-radial orbits!



Kozai-Lidov mechanism

Broken spherical symmetry →
angular momentum is not an
integral of motion →
oscillations of eccentricity and
inclination, keeping fixed value
of c ≡

√
1− e2 cos i

(von Zeipel 1909, Kozai 1962,
Lidov 1962)
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Eccentric (octupole) Kozai-Lidov mechanism

• (e.g. Katz et al. 2011, Lithwick & Naoz 2011, Li et al. 2014)

• adiabatic changes of the Kozai integral c

• more robust with respect to the damping effects (Haas & Šubr
2021)

The Astrophysical Journal, 785:116 (8pp), 2014 April 20 Li et al.

Figure 1. Configuration of the hierarchical three-body system. An object mP
orbits around the object m1 and forms an inner binary. The outer binary is
composed of the outer object m2 orbiting the center mass of m1 and mP. The
parameters of the inner and outer binary are denoted by the subscripts 1 and
2, respectively. The angle i represents the mutual inclination between the two
orbits, and J1 and J2 represent the orbital angular momenta of the inner and
outer binary, respectively. The near-coplanar case corresponds to i ∼ 0◦.

(A color version of this figure is available in the online journal.)

2. COPLANAR FLIP

The Kozai–Lidov mechanism relates to the hierarchical three-
body system as shown in Figure 1. The parameter ε,

ε = a1

a2

e2

1 − e2
2

, (1)

is small, where a is the semi-major axis and e is the eccentricity
of the inner “1” and outer “2” orbits (Naoz et al. 2013a).

In the test particle quadrupole approximation (mP → 0,
e2 = 0), the Kozai–Lidov resonance is between the longitude of
periapsis and the longitude of the ascending node of the inner
orbit (Kozai 1962). The eccentricity and the inclination oscillate
with large amplitudes when the inclination is over 40◦. This
resonance also exists if the test particle mass is significant. The
quadrupole approximation describes the orbital evolution when
the outer orbit is circular. When the outer orbit is non-circular,
the octupole approximation is needed, inducing variations in
eccentricity and inclination on longer timescales, and causing
excursions to even higher eccentricities and inclinations above
90◦ (Naoz et al. 2011, 2013a). However, starting with a circular
inner orbit, the inclinations that produce this behavior are
restricted to the range of ∼40◦–140◦.

When starting with an almost coplanar configuration (e1 =
0.8, i = 5◦), we find that the inner orbit can still flip if it
starts as eccentric (i.e., the high eccentricity low inclination
case: hereafter HeLi). We show the flip in Figure 2 using direct
N-body integrations, with the MERCURY software package
(Chambers & Migliorini 1997). The remarkable agreement
with the integration using the secular approximation up to the
octupole order is also shown in Figure 2.

The flip in the HeLi case is qualitatively different from the
low eccentricity high inclination case (hereafter, LeHi case, see
Figure 3 left panel). Specifically, in the initially coplanar case,
the oscillation amplitude of the inclination is small, maintaining
a coplanar configuration before the flip, as the eccentricity grows
monotonically to large values. The timescale for the inclination
to cross over 90◦ (namely, the flip timescale) is much shorter.
Moreover, the underlying resonances responsible for the flips
are different (G. Li et al. 2014a, in preparation). The HeLi case
is dominated by only the octupole order resonances. However,
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Figure 2. Consistency and convergence of the numerical method for the point
mass dynamical evolution of the inner orbit. We set m1 = 1 M�, m2 = 0.02 M�,
mP = 10−3 M�, a1 = 1 AU, a2 = 50 AU, i = 5◦, e1 = 0.9, e2 = 0.7,
ω1 = ω2 = Ω2 = 0◦, and Ω1 = 180◦. The green line represents the run
integrated using the secular approximation, and the dashed blue line represents
the results of the N-body simulation using the Mercury code. The results of
the two methods agree. In both cases, the test particle exhibits a 180◦ flip in a
coplanar configuration.

(A color version of this figure is available in the online journal.)
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Figure 3. Evolution of the inner orbit’s eccentricity and mutual inclination. We
set the mass of m1 and mP to a solar and a Jupiter mass, and the mass of the
outer perturber m2 to 0.03 M�, and ω1 = 0◦, Ω1 = 180◦, e2 = 0.6, a1 = 4 AU,
a2 = 50 AU. We use the secular approximation to calculate the dynamical
evolution of the point masses. The left panel shows the standard Kozai cycles
for comparison, (e1 = 0.01, i = 65◦), and the right panel shows the eccentric
coplanar scenario (e1 = 0.8, i = 5◦). For the former, both i and e1 oscillate
with large amplitudes, but in the eccentric coplanar case, e1 increases steadily
and i oscillates to maintain a coplanar configuration. The flip occurs much more
rapidly in the eccentric coplanar case.

(A color version of this figure is available in the online journal.)

the LeHi case is dominated by both the quadrupole order
resonances and the octupole order resonances. As a comparison,
we illustrate the difference in the HeLi case in the right panel of
Figure 3.

To illustrate the orbital evolutions, we show the movies3 of
the inner orbital evolution in the test-particle limit for both cases.
We set the z axis to be aligned with the total angular momentum
and the x axis is aligned with the ascending node of the outer
orbit. In the test particle limit, the outer orbit is stationary. In
the movies, the inner orbit is painted according to the value of

3 https://www.cfa.harvard.edu/∼gli/images/lowi.mp4;
https://www.cfa.harvard.edu/∼gli/images/highi.mp4

2

Li et al. 2014



Eccentric (octupole) Kozai-Lidov mechanism

• (e.g. Katz et al. 2011, Lithwick & Naoz 2011, Li et al. 2014)

• adiabatic changes of the Kozai integral c

• more robust with respect to the damping effects (Haas & Šubr
2021)
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Model

• SMBH + 2000 stars on Keplerian orbits

◦ semi-major axes a ∈ (0.04, 0.4) pc

◦ e ∈ (0, 0.9), ⟨e⟩ ≈ 0.4, eccentricity gradient

◦ common direction of eccentricity vectors (nested ellipses)

◦ half-opening angle of 2◦

◦ top-heavy IMF, M⋆ ∈ (1, 150)M⊙, n(M⋆) ∝ M−1.5
⋆

◦ 100% binary fraction

• direct N-body integrator NBODY6

• see Haas & Šubr 2016 and Šubr & Haas 2016 for more details



Results – radial distribution

• diffusion below the initial inner edge down to ≈ 0.02 pc

• Hills mechanism brings stars below 0.02 pc

• ⟨Nss⟩ ≈ 13, ⟨Nss⟩ ≈ 33 – would be reduced due to damping of
K-L oscillations
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Results – eccentricity and inclination

• nearly thermal distribution of eccentricities

• initially preferably corotating and counterrotating orbits get
randomised due to vector resonant relaxation induced by old
spherical cusp
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Binaries and merger products

• model requires high binary fraction – possible observational test

• model predicts up to 15% of massive stars to merge

• see also talk of Myank Singhal later today
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Hyper-velocity stars

In the Galactic Halo (e.g. Brown et al. 2014)

• several tens of B-type HVSs known so far

• r ≳ 50 kpc, v ≳ 300 km/s > vesc

• velocity vectors of some of them suggest GC origin

• flight time from the GC ≳ 50Myr

• are there their counterparts in the GC?

“In” the Galaxy: S5-HVS1 (Koposov et al. 2020)

• r ≲ 8 kpc, v ≳ 1200 km/s

• velocity vector points directly from the GC

• flight time from the GC ≈ 5Myr

• position compatible with our model (Singhal et al. 2025, IAUS
398)



Hyper-velocity stars
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Further consequences – tidal disruptions

tidally disrupted stars from the disc (≈ 3/Myr) + from the cusp
(≈ 30/Myr)

old stellar cusp:

• 24000 stars

• M⋆ = 1M⊙

• a ∈ (0.004, 0.4) pc

• n(a) ∝ a1/4

(Bahcall & Wolf 1976)
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Conclusions

• combination of eccentric K-L oscillations and Hills mechanism
naturally leads to the population of S-stars, solving their
paradox of youth

• large initial binary fraction ⇒ large current-day binary fraction
⇒ stellar collisions (up to 15% of massive stars) →
observations?

• HVSs in the Galactic halo ⇒ ≳ 50Myr old B-type S-stars (but
not only them!) → observations?

• specific distribution of velocity vectors of the HVSs →
observations?



Damping of Kozai-Lidov oscillations

perturber on circular orbit perturber on eccentric orbit
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(Haas & Šubr 2021)


