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ABSTRACT
Several bow shock sources were detected and resolved in the innermost parsec from
the supermassive black hole in the Galactic centre. They show several distinct char-
acteristics, including an excess towards mid-infrared wavelengths and a significant
linear polarization as well as a characteristic prolonged bow-shock shape. These
features give hints about the presence of a non-spherical dusty envelope generated
by the bow shock. The Dusty S-cluster Object (also denoted as G2) shows similar
characteristics and it is a candidate for the closest bow shock with a detected proper
motion in the vicinity of Sgr A*, with the pericentre distance of only approx. 2000
Schwarzschild radii. However, in the continuum emission it is a point-like source
and hence we use Monte Carlo radiative transfer modeling to reveal its possible
three-dimensional structure. Alongside the spectral energy distribution, the detec-
tion of polarized continuum emission in the near-infrared Ks-band (2.2 micrometers)
puts additional constraints on the geometry of the source.

Keywords: black hole physics – Galaxy: centre – radiative transfer – polarization
– stars: pre-main-sequence

1 BOW SHOCKS CLOSE TO THE GALACTIC CENTRE

The Galactic centre region serves as a unique laboratory to study the mutual interaction of
stars with the ambient gaseous-dusty medium (Genzel et al., 2010; Mužić et al., 2010). In-
side the sphere of gravitational influence of the supermassive black hole (hereafter SMBH)
of M• ' 4× 106 M� (Parsa et al., 2017), which is associated with the compact radio source
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Sgr A*, stars exhibit a Keplerian rise (Eckart and Genzel, 1996, 1997) in orbital velocities
v? ∝ r−1/2, with the typical Keplerian velocities as large as

v? ' 415
(

M•
4 × 106 M�

)1/2 (
r

0.1 pc

)−1/2

km s−1 for r . rinf , (1)

where r is the radial distance from the SMBH. The radius of the gravitational influence of
the SMBH represents the length-scale on which the gravitational potential of the SMBH
prevails over the potential of the Nuclear Star Cluster, which is proportional to the square
of the one-dimensional stellar velocity dispersion σ? (see e.g. Schneider, 2006; Merritt,
2013; Generozov et al., 2015),

rinf ' GM•/σ2
? = 1.7

(
M•

4 × 106 M�

) (
σ?

100 km s−1

)−2
pc . (2)

Using the empirical SMBH mass–velocity disperion correlation M• −σ? (Ferrarese and
Merritt, 2000; McConnell et al., 2011) in the form (McConnell et al., 2011)

M• ' 2 × 108
(

σ?

200 km s−1

)5.1
M� , (3)

the influence radius (2) can be expressed as a function of the SMBH mass only,

rinf ' 2
(

M•
4 × 106 M�

)0.6

pc , (4)

which keeps the influence radius at about 2 pc for the Galactic centre region. Inside this
radius the inner rim of the atomic and the molecular circum-nuclear ring (CND) is located,
which has an inner radius at ∼ 1.5 pc (Harada et al., 2015). Further in towards the SMBH,
there is a cavity that is filled mostly with rarefied diffuse ionized gas (Becklin et al., 1982;
Montero-Castaño et al., 2009). A distinct feature is the minispiral that represents a denser
concentration of colder ionized and neutral gas and dust and its dynamics is represented
by three bundles of quasi-Keplerian orbits (see Moser et al., 2017and references therein).
The rest of the gas is mostly supplied by the winds of massive OB/Wolf-Rayet stars and
its dynamics can be approximated by the radial inflow/outflow towards/from the SMBH
(Cuadra et al., 2006). The gas supplied by stars is bound to the SMBH inside the Bondi
radius rB, inside which the gravitational potential of the SMBH overcomes the pressure of
the gas,

rB '
2GM•

c2
s
≈ 0.15

(
M•

4 × 106 M�

) (
µHII

0.5

) (
γ

1.4

)−1 ( Ta

107 K

)−1

pc , (5)

where the mean molecular weight is scaled to µHII = 0.5, which corresponds to the fully
ionized HII region (Lang, 1978). The temperature of the ambient medium is expressed in
107 K, which is based on the thermal bremsstrahlung emission of hot ionized plasma in the
central parsec. The fit of the bremsstrahlung emissivity to the observed surface brightness
profile yields the electron temperature of kBTe ∈ [1; 2; 3.5 keV] (Te = 11.6 − 40.6 × 106 K)
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at the Bondi radius based on different dynamical models – radiatively inefficient accre-
tion flow (RIAF) (Wang et al., 2013), stellar outflows (Shcherbakov and Baganoff, 2010),
and the spherical steady Bondi flow (Różańska et al., 2015), respectively. Depending on
whether the flow is adiabatic (γ = 5/3) or isothermal (γ = 1), the Bondi radius can extend
from ∼ 0.1 pc up to ∼ 0.2 pc within the uncertainties of adopted parameters, respectively.
The steady inflow-outflow flow solution in the Galactic centre region is illustrated in Fig. 2.
In general the structure of the flow inside the classical Bondi radius is expected to be more
complex, possibly non-spherical. This is hinted by the fact that the accretion rate at the
Bondi radius is ṀB = 1 × 10−5 M� yr−1 (Baganoff et al., 2003), whereas the SMBH as-
sociated with Sgr A* was inferred to accrete at much smaller rate based on the Faraday
rotation measurements, ṀSgrA∗ = 2× 10−9 − 2× 10−7M� yr−1 (Marrone et al., 2007), which
implies a significant outflow even inside the Bondi sphere. However, the steady spherical
inflow-outflow structure is still a relevant approximation of the Galactic centre processes
and we will adopt it further for analytical and semi-analytical estimates of the star–ambient
medium interaction.

The radial distance in Eq. (1) is scaled to the length-scale of 0.1 pc, which is within the
distance range where ∼ 200 young, massive stars of spectral type OB are located (∼ 0.04-
0.5 pc Buchholz et al., 2009; Bartko et al., 2010). These recently formed luminous stars
provide a significant fraction of the kinetic energy and material via their fast outflows and
due to their large orbital velocities given by Eq. (1), they are observed to interact with
the ambient medium in the form of bow shocks (Mužić et al., 2010; Rauch et al., 2013;
Sanchez-Bermudez et al., 2014). These are clearly detected as extended non-spherical
dusty shells in infrared bands that exhibit a thermal excess towards mid-infrared bands as
well as an intrinsic linearly polarized emission (Buchholz et al., 2011, 2013).

The basic condition for the formation of shocks in the interstellar medium (ISM) is that
the relative velocity of the source vrel (star, cloud) with respect to the ambient medium is
supersonic. The bow shock that forms is aligned with respect to the relative velocity vector
vrel = v? − va. In case the ionized gas is non-magnetized, the perturbations and signals in
the medium move at the sound speed cs,

cs = 482
(
γ

1.4

)1/2 ( Ta

107 K

)1/2 (
µHII

0.5

)−1/2
km s−1, (6)

which means that the Mach number M ≡ vrel/cs at the Bondi radius is close to unity for
a non-magnetized medium since the orbital velocity and the sound speed are comparable,
see Eqs. (1) and (6).

Based on the multi-frequency observations of the Galactic centre magnetar (Eatough
et al., 2013), a large, dynamical important magnetic field intensity was found based on
the Faraday rotation measurements, B ≥ 50 µG on the projected radial scales of ∼ 3′′ =

0.12 pc. Combined with the inferred electron number density of nout
e = 18.3±0.1 cm−3 at the

Bondi radius (Różańska et al., 2015), one can estimate the Alfvén velocity that represents
the speed at which hydrodynamic waves propagate in the magnetized plasma,

vA =

√
B2

µ0µmHnout
e
≈ 36

(
B

50 µG

) (
µHII

0.5

)−1/2
(

nout
e

18.3 cm−3

)−1/2

, (7)
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which implies the Alfvénic Mach numberMA ≡ vrel/vA larger than unity and thus super-
sonic velocities of stars at the Bondi radius in case the plasma is magnetically dominated.

The formation of the shock is given by the interaction between the pressure of the stel-
lar outflow and the ambient ram pressure due to the linear stellar motion. The open bow
shock is formed for supersonic relative velocities, when the shock driven into the ambi-
ent medium and the shocked stellar wind are separated by the contact discontinuity lo-
cated at the stand-off distance Rbw from the star. However, for fast stellar outflows, the
prolonged cavity surrounded by the shocked stellar wind is formed even for subsonic ve-
locities (Christie et al., 2016). In general, it is instructive to look at the distance range
in the Galactic centre where the bow shocks can form, which is in general given by the
condition M & 1 for a non-magnetized plasma or MA & 1 for the magnetically domi-
nated environment. For simplicity, we assume that stars move on circular Keplerian orbits
and they can interact with stationary medium or inflow/outflow with the ambient veloc-
ity vr

a = 1000, 2000, and 3000 km s−1. For the ambient medium, we take the radial den-
sity and temperature profile as calculated for Bondi spherical flow (Różańska et al., 2015)
and RIAF-based flow (Psaltis, 2012). In addition, we consider the profile of the Alfvén
velocity calculated according to Eq. (7), where we calculate the magnetic field intensity
B2 = 8πPgas/β, where β is the plasma parameter. We take β = 100 so that the Alfvén
velocity is consistent with the Faraday rotation measurements at the projected distance of
3′′ (Eatough et al., 2013; Różańska et al., 2015).

The occurrence of bow-shock structures in the Galactic centre is expected on a large
spatial scale according to Fig. 1 – depending on the ambient temperature profile of the hot
diffuse plasma as well as the presence and the velocity of the inflow/outflow, which both
affect the Mach number at the given radius M(r) = vrel/cs(r). The conditions for bow-
shock formation inside the sphere of influence are not quite isotropic, mainly because of
the presence of the denser and the cooler arms of the Minispiral with the gas temperature
in the range of ∼ 1000 K–10 000 K (Kunneriath et al., 2012; Moser et al., 2017), which
puts the sound speed well below the expected Keplerian velocities of stars. It is thus not a
coincidence that several bright bow-shock sources are detected along and close to the Min-
ispiral arms (Wolf-Rayet stars IRS5, IRS1W, IRS10W, IRS21 Sanchez-Bermudez et al.,
2014).

2 AMBIENT MEDIUM AND SCALING OF BOW SHOCK SIZES AND
LUMINOSITIES

Inside the influence radius, the ambient medium in the Galactic centre is neither stationary
nor homogeneous. In fact, it represents a multi-phase medium (Barai et al., 2012; Różańska
et al., 2014, 2017) with a complex inflow-outflow structure, see Fig. 2, which is partially
represented by radiatively inefficient accretion flows (RIAFs, Yuan and Narayan, 2014)
or spherical Bondi solutions (Różańska et al., 2015). In case of a purely hydrodynami-
cal accretion, transonic behaviour is typical for black hole inflows at small radii, where
the inward-directed speed of the medium reaches and exceeds the speed of sound (e.g.,
Chakrabarti, 1990; Das et al., 2015). This is also the case of accretion onto a rotating black
hole; unlike the case of accretion onto a non-rotating black hole, in a rapidly rotating case
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Figure 1. The radial profile of the Keplerian circular velocity, the sound speed for the Bondi flow and
RIAF, the relative velocity of the circular stellar motion with respect to the ambient outflow/inflow.
There is a lower sound speed in the denser and cooler Minispiral arms, which is shown by green
dashed lines. The profile of the Alfvén velocity is also depicted for the plasma parameter β = 100.
The plot inset shows the Mach numbers for the Keplerian circular velocity and corresponding relative
velocities with respect to the sound speed and the Alfvén velocity in the Bondi flow (Różańska et al.,
2015).

the medium acquires azimuthal velocity in the course of infall (Pariev, 1996). This arises
due to the effect of frame dragging, which occurs at small radii just above the black hole
ergosphere.

Unlike the classical purely hydrodynamical Bondi spherical accretion, where no addi-
tional energy input (heat or mechanical driving by winds) is available, in the case of Sgr
A* there are indeed such sources present due to stars of the Nuclear Stellar Cluster (Silich
et al., 2008). This can act against the gravitational pull of the central black hole and reverse
the direction of the medium inflow in the inner regions to outflow above a transitional,
so-called stagnation radius. In consequence, the bow-shock interaction with the ambient
medium of changing velocity will affect the orientation and the overall shape of the bow-
shock. The motion of the ambient medium can be revealed either by the combination of the
stellar proper motion and bow-shock orientation for extended sources or by the detection
of polarized emission for unresolved sources.

It is instructive to calculate the change of the bow-shock size as well as the overall
thermal luminosity of the bow shock along the orbit. This is possible under the assumption
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Figure 2. Illustration of the Galactic centre region within the sphere of influence. Two main regions
may be distinguished: inside the stagnation radius the inflow of gas takes place, outside it the gas
flows out. Stars of the Nuclear Star Cluster are located in both regions. When the relative velocity of
the star is larger than the local sound speed, the bow shock forms. Its size and gas and dust density
depend on both stellar parameters (the stellar mass-loss rate ṁw and the terminal stellar wind velocity
vw) and the local ambient density ρa as well as the relative velocity vrel.

of the Keplerian motion around the SMBH (Sgr A*) and the prescription for the radial
density profile, na = na0(r/r0)−ν, where na0 is the ambient density at the distance r0 from
the SMBH and ν denotes the index of the power-law ambient density. The relations between
two positions along the orbit are especially simple and elegant for an elliptic orbit, which
is valid for most of the stars in the innermost S cluster (Zajaček et al., 2016), and under the
assumption that vrel = v?, i.e. the motion of the ambient medium is negligible, which is
especially the case at and close to the stagnation radius rstag, where the radial gas velocity
passes through zero.

The relation for the stagnation radius can be found within a one-dimensional steady-
state inflow-outflow model of the gas in the vicinity of a galactic nucleus (Generozov et al.,
2015). The gas supplied to the interstellar medium by stellar winds flows towards the black
hole inside rstag and a fraction of the matter is accreted into the SMBH, while the gas outside
rstag forms a radial outflow, see Fig 2. When considering bright massive OB stars in the
inner parsec of the Galactic centre (Paumard et al., 2006; Bartko et al., 2010), the heating
rate due to their fast outflows vw is typically larger than the stellar velocity dispersion σ?
of the cluster, vw � σ?. In this case, the stagnation radius can be approximately expressed
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as (Generozov et al., 2015),

rstag ≈

(
13 + 8Γ

4 + 2Γ
−

3νstag

2 + Γ

)
GM•
νstagv2

w

≈

0.30
(

M•
4×106 M�

) (
vw

500 km s−1

)−2
pc , core (Γ = 0.1) ,

0.16
(

M•
4×106 M�

) (
vw

500 km s−1

)−2
pc , cusp (Γ = 0.8) ,

(8)

where Γ is the power-law index of the inner stellar brightness profile. For estimative pur-
poses, we consider two limiting cases, the core profile with Γ = 0.1 and the stellar cusp with
Γ = 0.8. The quantity νstag = −dna/dr|rstag is the gas density power-law slope at rstag, which
according to the numerical analysis of Generozov et al. (2015) is νstag ≈ 1/6[(4Γ + 3)].
According to the estimates in Eq. (8), the stagnation radius is expected to be located close
to the Bondi radius with an offset given by the numerical factor (Generozov et al., 2015)

rstag

rB
≈

13 + 8Γ

(2 + Γ)(3 + 4Γ)
, (9)

which is of the order of unity. This is also illustrated in the two-zone scheme in Fig. 2.
Under the assumption that the stellar-wind pressure is at the equilibrium with the ram

pressure and the thermal pressure of the medium Pw = Pram + Pth = Pram(1 + α), where
α = Pth/Pram, one can express the characteristic length-scale – or stand-off distance R0 –
using the following generalized formula (Wilkin, 1996; Zhang and Zheng, 1997; Christie
et al., 2016),

R0 =

 ṁwvw

Ωwρav2
rel(1 + α)

1/2

' C?ρ
−1/2
a v−1

rel , (10)

where ṁw is the stellar mass-loss rate, vw is the terminal wind velocity, and Ωw is the solid
angle into which the stellar wind is blown (for the isotropic case that is often assumed,
Ωw = 4π). The last equality in Eq. 10 is valid in case the ratio of the thermal pressure
to the ram pressure α is negligible, which is for highly supersonic motion,M = vrel/cs =

1/
√
γα � 1 when α→ 0. The quantity C2

? = ṁwvw/Ωw is the momentum flux of the stellar
wind per unit solid angle. It can be assumed to be constant per several orbital periods of a
star around the SMBH. For the brightest star in the S-cluster S2 star (Martins et al., 2008),
the momentum flux can be evaluated as

C2
? = 7.85 × 10−5

(
ṁw

10−7 M� yr−1

) ( vw

1000 km s−1

)
M� km s−1 yr−1 sr−1 . (11)

Under the assumption that the motion of ambient medium is negligible, we can relate
the relative velocity to the orbital velocity of the star vrel ' v? =

√
GM•(2/r − 1/a), where

we assumed the Keplerian motion of a star around the SMBH with semi-major axis a and
we applied the vis-viva equation. When we neglect the thermal pressure, we can relate the
bow-shock length-scales R01 and R02 between two respective positions r1 and r2 (r1 > r2)
as follows,

R01(r1)
R02(r2)

=

(
na2

na1

)1/2 (
vrel2

vrel1

)
=

(
r1

r2

)ν/2 (
v?2

v?1

)
. (12)
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Using the vis-viva integral, we can express the ratio in Eq. (12) as a function of four
variables,

R01

R02
(r1, r2, a, ν) =

(
r1

r2

)(ν+1)/2 (
2a − r2

2a − r1

)1/2

. (13)

Even simpler relations can be obtained when evaluating the ratio in Eq. (13) at special
points along the elliptical orbit, e.g. between the apobothron and the peribothron of a star
orbiting the SMBH,

RA

RP
(e, ν) =

(
1 + e
1 − e

) ν
2 +1

, (14)

or between semi-latus rectum (the true anomaly of 90◦) and the peribothron,

R90

RP
(e, ν) =

(1 + e)ν/2+1

(1 + e2)1/2 . (15)

Since the star on a bound elliptical orbit around the SMBH changes its relative velocity
(because of both the change in the orbital velocity and the ambient flow velocity), the
bow-shock luminosity is also expected to change. The upper limit for the thermal bow-
shock luminosity Lth can be obtained from the sum of the kinetic terms of the flow that are
assumed to become fully thermalized (Wilkin et al., 1997),

Lth =
1
2

ṁw(v2
rel + v2

w) '
1
2

ṁw(v2
? + v2

w) . (16)

The ratio of the bow-shock luminosities at two different radii along the elliptical orbit may
be then simply calculated according to,

Lth1

Lth2
=
β2

1 + 1

β2
2 + 1

, (17)

where β = vrel/vw ' v?/vw.
In Table 1, we calculate both the ratio of bow-shock sizes according to Eq. (14) and

luminosities according to Eq. (17) between the apocentre and the pericentre for different
values of the density power-law index ν as well as different orbital eccentricities e. As a
prototype of B-type stars in the innermost arcsecond in the S cluster, we take the brightest
S2 star with a ' 0.126′′, e ' 0.884, ṁw ' 10−7 M�yr−1, and vw ' 1000 km s−1 (Martins
et al., 2008; Parsa et al., 2017).

3 MODELLING POLARIZED BOW-SHOCK EMISSION: DUSTY S-CLUSTER
OBJECT (DSO/G2) AS A SPECIAL CASE OF UNRESOLVED BOW SHOCK
CLOSE TO THE BLACK HOLE

Of special interest is a stellar bow shock located in the direct vicinity of the SMBH. The
Galactic centre is the only nucleus where we can study the individual proper motion of
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e ν RA/RP LA
th/L

P
th (S2 star)

0.0 ≥ 0 1.0 1.0
0.50 0.0 3.00 0.19
0.50 0.5 3.95 0.19
0.50 1.0 5.20 0.19
0.50 2.0 9.00 0.19
0.90 0.0 19.00 1.8 × 10−2

0.90 0.5 39.67 1.8 × 10−2

0.90 1.0 82.82 1.8 × 10−2

0.90 2.0 361.00 1.8 × 10−2

0.95 0.0 39.00 8.1 × 10−3

0.95 0.5 97.46 8.1 × 10−3

0.95 1.0 243.55 8.1 × 10−3

0.95 2.0 1521.00 8.1 × 10−3

Table 1. The ratio of bow-shock sizes RA/RP as well as the ratio of thermal bow-shock luminosities
LA

th/L
P
th between the apocentre and the pericentre of the orbit for different orbital eccentricities and

the power-law indices of the gas density profile. We adopted the parameters of S2 star, a ' 0.126′′,
e ' 0.884, ṁw ' 10−7 M�yr−1, and vw ' 1000 km s−1 (Martins et al., 2008; Parsa et al., 2017), for the
calculation of the ratio of bow-shock luminosities.

stars as well as study the interaction of stars with their environment. Although currently
there is no bow shock detected on the scale of ∼ 10–100 Schwarzschild radii, on which
some of the strong-gravity effects could be studied (Dovčiak et al., 2004), Dusty S-cluster
Object (DSO/G2; Gillessen et al., 2012; Eckart et al., 2013; Phifer et al., 2013; Witzel et al.,
2014; Valencia-S. et al., 2015) shows several signs of an unresolved bow-shock source with
the closest distance to the SMBH at ∼ 2000 Schwarzschild radii. The main properties of
DSO/G2 are the following,

• observed as a bright L′-band (3.8 µm) source. The fitted single-temperature black-body
yields the radius of the optically thick photosphere of RDSO = (0.31 ± 0.07) AU and the
temperature of TDSO = (874 ± 54) K (Zajaček et al., 2017),
• clear infrared-excess (in comparison with main-sequence stars; Eckart et al., 2013; Shahza-
manian et al., 2016; Zajaček et al., 2017), which implies the presence of dust,
• a strong emission line of Brγ (but also HeI and Paα), which implies the presence of
either inflow or outflow to/from the star (Valencia-S. et al., 2015),
• a significant linearly polarized continuum emission in Ks-band (2.2 µm) with the polar-
ization degree of pL = (30 ± 15)% and a variable polarization angle (Shahzamanian et al.,
2016). In continuum, the source is point-like (Witzel et al., 2014; Shahzamanian et al.,
2016), and hence the overall non-zero polarization implies a non-spherical nature.

In order to set-up a three-dimensional model of the Dusty S-cluster Object (DSO) – a
star with non-spherical dusty envelope – in terms of the continuum emission, we used the
Monte Carlo Radiative Transfer code (MCRT) Hyperion (Robitaille, 2011). The MCRT
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Figure 3. Individual rows represent simulated images of the Dusty S-cluster Object (DSO/G2) for
different position angles of the bipolar outflow with respect to the bow-shock symmetry axis: δ = 0◦

– top row (the bow shock and the bipolar outflow are aligned), δ = 45◦ – middle row, and δ = 90◦

– bottom row. In the left column, figures show simulated images in Ks-band (2.2 µm), figures in the
middle panel show linearly polarized continuum emission in the same band, and in the right column,
images show the maps of the polarization degree.

mimics real observations in a sense that it allows to track photons from their emission by
a source, through their propagation through a density field in the medium, until they reach
the observer. For the fundamental theory of radiative transfer, first one needs to define the
specific intensity Iν of a beam of light that passes through surface area of dA at an angle of
θ to the surface normal within a solid angle dΩ in a time interval dt and a frequency range
of dν,

Iν =
dEν

dA cos θdνdΩdt
. (18)
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Figure 4. Left panel: The dependency of the linear polarization degree pL Ks-band (2.2 µm) on the
wavelength λ expressed in µm. Different lines correspond to different viewing angles with respect
to the observer (0◦ represents the front view of the bow shock, 90◦ the side view, and 180◦ the tail
view of the bow shock). The vertical line represents the wavelength of 2.2 µm and the horizontal line
stands for the polarization degree of 30%. Right panel: The dependency of the linear polarization
degree pL in Ks-band (2.2 µm) on the viewing angle (using the same definition as in the left panel).
Different lines correspond to different bow-shock densities as the DSO approached Sgr A* (according
to the legend). In addition, for one epoch we also plot the dependencies for different position angles
of the bipolar outflow with respect to the bow shock. The dark-gray dashed horizontal lines mark the
polarization degree of pL ' (30 ± 15)% as inferred by Shahzamanian et al. (2016).

The change of the specific intensity through the medium segment dl is governed by the
equation of the radiative transfer,

dIν
dl

= −κνρIν + jνρ , (19)

where κν is the opacity of the medium and jν is the emissivity, which are both complex
functions of the composition and dynamics of the medium as well as of the radiation fre-
quency ν. Eq. (19) can be rewritten in terms of the optical depth τν along the line of sight
L,

τν = −

∫ L

0
κνρdl , (20)

into the form
dIν
dτν

= Iν − S ν , (21)

where S ν = jν/κν is the source function of the medium. The transfer equation can be
analytically solved only for a certain set of simple problems, e.g. homogeneous plan-
parallel layers or isotropic spherical problems. For more complicated cases, it must be
solved numerically. In case of three-dimensional dusty stellar atmospheres and envelopes,
the MCRT method is currently applied as it can handle the calculation of both total as well
as polarized continuum spectral energy distributions and images (Robitaille, 2011).

äy ää äy



248 M. Zajaček et al.

When a photon interacts with the gaseous-dusty medium, it can either be scattered or ab-
sorbed (and emitted in other direction and different wavelength). The scattering probability
is given by the albedo function a, which can be expressed as follows,

a =
nsσs

nsσs + naσa
, (22)

where ns and na are number densities of scatterers and absorbers, respectively, and σs and
σa are cross-sections for scattering and absorbing, respectively.

The scattering of a photon, e.g. by a dust particle, is described by the angular phase
function P(cos θ). For an isotropic scattering, we have P(cos θ) = 1/2 and for Rayleigh
scattering P(cos θ) = 3/8(1 + cos2 θ).

The probability that a photon interacts on the length-scale x is given by

P(τ) = 1 − exp (−τ) , (23)

where τ = −
∫ x

0 κρdx′. The MCRT then proceeds in three basic steps:

(1) The emission of N photon packets that further propagate through the medium.
(2) The site of the interaction of the photon packet in the medium is found by sampling

the optical depth τν from the probability distribution given by Eq. (23). The character of
interaction (scattering or absorption) is determined by sampling from albedo and angular
phase functions, Eq. (22).

(3) Photons that escape the medium (are not absorbed, but can be scattered) are counted
on an image plane (mimicking CCD detectors for real observations) or are binned in fre-
quency intervals for calculating spectral energy distributions.

The advantage of the MCRT is that it describes individual photon packets with the full
Stokes vector S = (I,Q,U,V), which allows us to easily construct polarization maps of
the source as well as to calculate the total polarization degree as well as the angle. It was
thus possible to compare the radiative properties of the DSO model with the observational
analysis of Shahzamanian et al. (2016), who detected a significant polarized emission in
the NIR Ks for the DSO. The model of the DSO included a young stellar object of class
I that is still embedded in the optically thick dusty envelope within its tidal Hill radius.
The source exhibits a relatively large polarization degree of pL ∼ 30%, which is most
probably caused by the presence of bipolar outflows as well as a bow-shock dusty layer.
These components significantly break the spherical symmetry (see Zajaček et al., 2017
for a detailed analysis and discussion). In Fig. 3, we show the simulated images of the
DSO model, in which one can clearly see the bow-shock layer. From the left to the right
panels, images of the continuum, polarized emission as well as the polarization degree in
Ks-band, respectively, are presented. In the left panel of Fig. 4, the polarization degree as a
function of wavelength is depicted for different viewing angles. The polarization degree as
a function of the viewing angle is specifically shown in the right panel of Fig. 4, where the
shaded area is the viewing angle for the years when the DSO was intensively monitored.
In our model, we can obtain the polarization degree as large as ∼ 30% depending on the
density of the bow shock, which is expected to increase as the DSO approaches the SMBH.
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4 CONCLUSIONS

We presented an introductory analysis of the inflow-outflow structure of the Galactic centre
environment in the sphere of gravitational influence of the SMBH. The focus was put on
the analysis of conditions under which stellar bow shocks can develop. We found that
these structures are expected to be present across the broad spatial scale of the Nuclear Star
Cluster, which is further supported by the detection and analysis of several bright bow-
shock sources in the NIR and MIR-bands. In addition, we derived useful formulae for the
scaling of bow-shock sizes as well as thermal luminosities in the vicinity of the SMBH.

In the end, we presented the theoretical basics for Monte Carlo modelling of radiative
properties of bow-shock sources and non-spherical circumstellar envelopes in general. We
applied the MCRT to the case of the NIR-excess source DSO. The comparison of obser-
vations with the MCRT model allows us to draw the conclusion that the NIR continuum
characteristics of the DSO are consistent with a young stellar object of class I surrounded
by an optically thick dusty envelope dissected by bipolar cavities. Since the DSO is ex-
pected to move mildly supersonically close to its peribothron, it should develop a bow
shock whose properties can vary along the orbit, depending on the relative velocity of the
source as well as the density gradient of the ambient medium.
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Buchholz, R. M., Schödel, R. and Eckart, A. (2009), Composition of the galactic center star cluster.
Population analysis from adaptive optics narrow band spectral energy distributions, A&A, 499, pp.
483–501, arXiv: 0903.2135.
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Różańska, A., Kunneriath, D., Czerny, B., Adhikari, T. P. and Karas, V. (2017), Multiphase environ-
ment of compact galactic nuclei: the role of the nuclear star cluster, MNRAS, 464, pp. 2090–2102,
arXiv: 1609.08834.

äy ää äy

http://www.arxiv.org/abs/1201.2362
http://www.arxiv.org/abs/astro-ph/0611791
http://www.arxiv.org/abs/0711.3344
http://www.arxiv.org/abs/1112.1078
http://www.arxiv.org/abs/0903.0886
http://www.arxiv.org/abs/1603.00801
http://www.arxiv.org/abs/1006.0909
http://www.arxiv.org/abs/astro-ph/9510008
http://www.arxiv.org/abs/1708.03507
http://www.arxiv.org/abs/arXiv:astro-ph/0601268
http://www.arxiv.org/abs/1304.5280
http://www.arxiv.org/abs/1112.0026
http://www.arxiv.org/abs/1112.1071
http://www.arxiv.org/abs/1410.0397
http://www.arxiv.org/abs/1609.08834


252 M. Zajaček et al.
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Shahzamanian, B., Eckart, A., Zajaček, M., Valencia-S., M., Sabha, N., Moser, L., Parsa, M.,

Peissker, F. and Straubmeier, C. (2016), Polarized near-infrared light of the Dusty S-cluster Object
(DSO/G2) at the Galactic center, A&A, 593, A131, arXiv: 1607.04568.

Shcherbakov, R. V. and Baganoff, F. K. (2010), Inflow-Outflow Model with Conduction and Self-
consistent Feeding for Sgr A*, ApJ, 716, pp. 504–509, arXiv: 1004.0702.

Silich, S., Tenorio-Tagle, G. and Hueyotl-Zahuantitla, F. (2008), Spherically Symmetric Accretion
onto a Black Hole at the Center of a Young Stellar Cluster, ApJ, 686, 172-180, arXiv: 0806.3054.
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Valencia-S., M. (2016), Effect of an isotropic outflow from the Galactic Centre on the bow-shock
evolution along the orbit, MNRAS, 455, pp. 1257–1274, arXiv: 1510.02285.

Zhang, Q. and Zheng, X. (1997), The Role of Bow Shocks in Bipolar Molecular Outflows, ApJ, 474,
pp. 719–723.

äy ää äy

http://www.arxiv.org/abs/1507.01798
http://www.arxiv.org/abs/1405.4528
http://www.arxiv.org/abs/1607.04568
http://www.arxiv.org/abs/1004.0702
http://www.arxiv.org/abs/0806.3054
http://www.arxiv.org/abs/1410.8731
http://www.arxiv.org/abs/1307.5845
http://www.arxiv.org/abs/1410.1884
http://www.arxiv.org/abs/1401.0586
http://www.arxiv.org/abs/1704.03699
http://www.arxiv.org/abs/1510.02285

	Bow shocks close to the Galactic centre
	Ambient medium and scaling of bow shock sizes and luminosities
	Modelling polarized bow-shock emission: Dusty S-cluster Object (DSO/G2) as a special case of unresolved bow shock close to the black hole
	Conclusions

