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ABSTRACT

Context. To quantitatively decode the information stored within an observed spectrum, detailed modelling of the physical state and
accurate radiative transfer solution schemes are required. The accuracy of the model is then typically evaluated by comparing the
calculated and observed spectra. In the analysis of stellar spectra, the numerical model often needs to account for binary companions
and 3D structures in the stellar envelopes. The enigmatic binary (or multiple) system LB-1 constitutes a perfect example of such a
complex multi-D problem. Thus far, the LB-1 system has been indirectly investigated by 1D stellar-atmosphere codes and by spectral
disentangling techniques, yielding differing conclusions about the nature of the system (e.g., a B-star and black-hole binary with an
accretion disc around the black hole or a stripped-star and Be-star binary system have been proposed).

Aims. To improve our understanding of the LB-1 system, we directly modelled the phase-dependent H,, line profiles of this system.
To this end, we developed and present a multi-purpose binary-object spectral-synthesis code in 3D (BOSS-3D).

Methods. BOSS-3D calculates synthetic line profiles for a given state of the circumstellar material. The standard pz-geometry com-
monly used for single stars is extended by defining individual coordinate systems for each involved object and by accounting for
the appropriate coordinate transformations. The code is then applied to the LB-1 system, considering two main hypotheses, a binary
containing a stripped star and Be star, or a B star and a black hole with a disc.

Results. Comparing these two scenarios, neither model can reproduce the detailed phase-dependent shape of the H, line profiles. A
satisfactory match with the observations, however, is obtained by invoking a disc around the primary object in addition to the Be-star
disc or the black-hole accretion disc.

Conclusions. The developed code can be used to model synthetic line profiles for a wide variety of binary systems, ranging from
transit spectra of planetary atmospheres, to post-asymptotic giant branch binaries including circumstellar and circumbinary discs and
massive-star binaries with stellar winds and disc systems. For the LB-1 system, our modelling provides strong evidence that each

object in the system contains a disc-like structure.

Key words. radiative transfer — methods: numerical — stars: emission-line, Be — stars: black holes — binaries: spectroscopic

1. Introduction

The interpretation of observed radiation emerging, for instance,
from galaxies, individual stars, or planetary systems, is key to
understanding fundamental properties of the Universe. Deep
insight into the underlying physics of an observed object can
be obtained by analysing the electromagnetic spectrum of the
emitting object. Decoding the information stored within a spec-
trum, however, is not a simple task. Deducing the fundamen-
tal parameters of a single star (i.e. L., Tef, R.), for example,
requires detailed modelling of the stellar atmosphere, possi-
bly relaxing the assumption of local thermal equilibrium (LTE)
and accounting for wind outflows. For a given model atmo-
sphere, synthetic spectra then need to be calculated and com-
pared with the observations. In the OB-star regime (on which
this paper focusses), state-of-the-art atmospheric modelling and
spectral synthesis codes typically assume spherical symmetry
(e.g., PHOENIX: Hauschildt 1992; CMFGEN: Hillier & Miller

1998, Hillier 2012; WM-BASIC: Pauldrach et al. 2001; PoWR
(see also Sanderetal. 2019, Sect. 1): Hamann & Grifener
2003, Sander et al. 2017; FASTWIND: Sundqvist & Puls 2018,
Puls et al. 2020).

Many stars, however, can deviate from spherical symme-
try, with perturbations typically induced by magnetic fields, sur-
face (and wind) distortions from rotation, surrounding discs,
and binarity or multiplicity effects. Due to the complex-
ity of including full non-LTE occupation numbers within
multi-D calculations, corresponding spectral synthesis codes
are only gradually developed by applying different solution
methods from finite-volume methods (FVM) to short- and
long-characteristics methods (SC and LC) to Monte-Carlo
methods (MC). A non-exhaustive list of 3D radiative trans-
fer codes accounting for supersonic velocity fields includes
Wind3D (see also Lobel & Blomme 2008, Sect. 1; FVM), a
code developed by Hennicker et al. (2020) (SC), PHOENIX/3D
(Hauschildt & Baron 2006 and other papers in this series, LC),
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and HDUST (Carciofi & Bjorkman 2006, MC), where the first
two examples currently apply a two-level-atom (TLA) approach,
whereas the last two include a multi-level description of an
atom (of typically one particular species). When the atomic level
populations are obtained by such codes, the synthetic spectra
can be calculated by solving the equation of radiative trans-
fer along the direction to the observer, for instance, by apply-
ing the LC method in a cylindrical coordinate system based on
Lamers et al. (1987), Busche & Hillier (2005), Sundqvist et al.
(2012), see also Hennicker et al. (2018).

Thus far, the above described codes and methods have been
tailored to the spectral synthesis of single stars in 1D or 3D.
To our knowledge, there exists no viable multi-D alternative
to calculating synthetic spectra from massive-star binary sys-
tems with circumstellar material around them. For example,
the SPAMMS-code by Abdul-Masih et al. (2020b) relies on
patching the emergent intensities as obtained from several 1D
spherically symmetric FASTWIND models. Thus, the effect of
rays propagating through the winds of both individual stars is
neglected. Moreover, such models cannot be used for arbitrary
3D structures such as circumstellar discs.

In this paper, we thus develop a general purpose spectral
synthesis tool for binary systems (BOSS-3D, i.e. binary-object
spectral-synthesis in 3D)' by extending the solution method for
single stars from Hennicker et al. (2018) using simple coordi-
nate transformations. For given atmospheric and circumstellar
structure(s) with (thus far approximate) occupation numbers,
this code accounts for large-scale, possibly structured outflows
or discs within both involved systems, thus circumventing the
aforementioned shortcomings of previous methods. By allowing
for different length scales of the involved objects, the code can
also be used to analyse transit spectra of planetary systems. The
basic idea of our method relies on defining two (independent)
coordinate systems for the individual objects, and applying the
standard single-star pz-geometry to each of the systems. To cor-
rectly account for overlapping coordinates (e.g., during transits),
the individual systems are merged by triangulation.

As a first application of the newly developed algorithm, we
considered the binary (or multiple) system LB-1. The spectrum
of this system clearly shows an anti-phase behaviour of stel-
lar absorption lines against the line wings of a broad H,, emis-
sion (Liu et al. 2019). Yet the interpretation of these findings
is still under debate. Based on these observations and the cor-
responding orbital reconstruction, Liu et al. (2019) proposed a
binary system with period P =~ 79d, consisting of a B star
(visible component) and a 70 M black hole (BH) with asso-
ciated disc yielding the H, emission. Since it is difficult to
explain the origin of a 70 My BH in the Milky Way from stel-
lar evolution theory (though, see Belczynski et al. 2020), there
has been vivid discussion about LB-1 in the literature. While
Simén-Diaz et al. (2020) re-analysed the visible component (B
star, primary object) and found a significantly lower mass for
the B star thus also reducing the BH mass, Abdul-Masih et al.
(2020a) and El-Badry & Quataert (2020) showed that the wob-
bling H, wings could also be explained by a superposed broad
H, absorption component on a static emission profile, thus ques-
tioning the BH hypothesis as a whole. Shenar et al. (2020) dis-
entangled the optical spectra of LB-1 and proposed a binary
system consisting of a stripped He-star (the primary) in a 79d
orbit with a rapidly-rotating Be-star, presumably the product of
arecent mass-transfer event. Alternatively, Rivinius et al. (2020)
proposed that the Be-star is a tertiary object, leaving the sec-
ondary component unidentified. Recently, Lennon et al. (2021)
modelled the spectral energy distribution (SED) of LB-1 in the

! https://github.com/levin-h/line3D
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optical and ultra-violet regime using 1D plane-parallel model-
atmospheres, and compared several models (including the
aforementioned stripped-star/Be-star and B-star/BH hypotheses)
with observations from the Hubble Space Telescope. While
their models slightly favour the B-star and BH scenario, the
stripped-star and Be-star hypothesis could not be ruled out
entirely. Throughout this paper, these two competing scenarios
will be abbreviated by the B+BH and the strB+Be scenario,
respectively.

In this paper, we aim to provide further constraints on LB-1
by applying the BOSS-3D code to models that represent the
main hypotheses detailed above, namely the B+BH and the
sttB+Be binary scenarios. By calculating the corresponding
H, line profiles, we show that both hypotheses can explain the
observed phase-dependent H, line profile provided the LB-1
system contains an additional disc attached to the B-star primary
(i.e. either to the B star in the B+BH scenario, or to the stripped
star in the strB+Be scenario). The paper is structured as follows.
In Sect. 2 we review the basic numerical techniques for spectral
synthesis of single objects, in Sect. 3 we extend these methods
to binary systems, and in Sect. 4 we apply the developed code to
the LB-1 system. Finally, we summarize our findings in Sect. 5.

2. Single-star spectral synthesis

In this section, we briefly summarize the basic solution method
for obtaining synthetic spectra from a given single-star model in
3D. Following, for instance, Busche & Hillier (2005), the radia-
tion flux at frequency v emerging from any unresolved emitting
object as seen by an observer at distance d can be formulated as
1 27 Rmax
Fomg [ [ 0062 = R pipa, ()
> Jo Jo
where Rp.x 18 the maximum size of the emitting object, (p, )
are polar coordinates describing the projected disc of the emit-
ting object perpendicular to the observer’s direction n, and I, is
the emergent specific intensity into that direction evaluated at a
distance Z = Rpax.
The flux can then be obtained by numerically integrating
the emergent specific intensity over the projected disc, with the
intensity to be calculated by solving the equation of radiative

transfer along all rays in the discretized (p;,{;) domain of a

(ray) _

cylindrical coordinate system X ¢’ = (p,{,Z) with correspond-

ing Cartesian reference frame zﬁ;“g) = (%,9,2), and with the Z-
axis being aligned with the direction to the observer (see also
Fig. 1). The corresponding (time-independent) equation of radia-
tive transfer reads:

dIv is é’"’v
% = (P 2) [y (P 03:2) - 1 (P 033)] . @

with the opacity x, and source function S, describing the absorp-
tion and emission of all continuum and line processes. For sim-
plicity, we neglect continuum processes in the following and
only consider a single line transition between lower and upper
level I < u with transition frequency v;,. Further, we omit the
notation for explicit spatial dependencies. Then, the opacity and
source functions are given by:

ne? n n
Xr=— (8f) [—’ — = ) 3)
meC 81 8u
203 1
_ lu
v = C2 ﬂ& B 1 ’ (4)
nu glt
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Fig. 1. Geometry used for the single-star algorithm (fop panels) and for the binary code (bottom panels). Top left panel: cylindrical coordinate

system ZS;‘CY ) (blue) with corresponding Cartesian reference frame 2% (red) for an observer’s direction n || e; used to obtain the synthetic spectrum

of a given (single) object described in a spherical coordinate system Zi‘l;'?) (magenta) with corresponding Cartesian reference frame Zi‘;?) (black).
Top middle panel: p—{ (or X—3-plane) of the cylindrical coordinate system (perpendicular to the observer’s direction). Top right panel: an arbitrary
p—Zz-slice, with e; pointing towards the observer. The grey circles indicate the radial grid of the spherical coordinate system of a considered (single)
object, and the black arrows correspond to the individual rays for each impact parameter p. The radiative transfer is then performed along each
ray with corresponding discretized Z; coordinates indicated by the red dots. Bottom left panel: two local coordinate systems X; and X, describing
two individual objects indicated by the cyan and magenta quarter-circles, respectively. Both coordinate systems are embedded within a global
coordinate system X, (typically but not necessarily chosen to be the centre of mass of both objects). The vectors #; and ¢, describe the origin of
the local coordinate systems in the global coordinate system. Bottom middle panel: as top middle panel, however showing the triangulation of the
X — y-plane for an arbitrary orbital configuration in a global cylindrical coordinate system within the binary algorithm. Bottom right panel: as top
right panel, but now for the binary system. The individual Z-rays propagating through the system of object 1 (blue) and object 2 (red) potentially
need to be merged.

where n; and n, are the occupation numbers, g; and g, are the velocities), the equation of radiative transfer, Eq. (2), becomes
statistical weights, and an ordinary differential equation with exact solution from any
| point Zx_; to Zx

\rAvp P ( Avp Uth
is the profile function (approximated here by a Doppler pro-
file) at observers frame frequency v including non-relativistic ;
Doppler shifts from the observer’s to the comoving frame viathe We note that Ar, := fz;, X»vdZ is the optical-depth incre-

. . . U O .
projected velocity n - v. The width of the profile, Avp = vzuih, ment between two positions along a particular ray. Equa-
¢

is given from the thermal velocity of the considered species with tion (7) is dlsc'retlzed by ap proximating the souree function
by a constant, linear, or quadratic form in optical-depth space

ﬁ?ﬁrsol_l; Ig)‘?ﬁg::"\‘,jgcci?ugtmg .for the local temperature 7 and a (e.g., Hennicker et al. 2020, Eq. (12)) based on Kunasz & Auer
Y Umicro: (1988, linear and quadratic interpolations) and Hayek et al.

(D]M (V) = (5)

2
V= n-v)

ATy
L Z) = I, (Giey) €727 4+ 72 f ¢'S (1)dt. ©)
0

2T, (2010, monotonic Bézier interpolations).
Uth = M * Uicro® (©) Since we expect the input model to be given in spherical
; - ~ dinates Zo0 = (r, @, @) with ding Cartesian refer-
For a given atmospheric model (with known temperatures, —Ccoordinates . = (r, ®, @) with corresponding Cartesian refer

velocity vectors, occupation numbers, and micro-turbulent ence frame Zﬁ‘;ﬁj) = (x,y,2), and if we assume that all structures
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are well resolved by the corresponding discretized grid, the dis-
cretization of Z; is easily constructed following the standard pz-
geometry approach (e.g., Mihalas 1978, see also Fig. 1):

[‘ TP T P?] Vr, > Ipj and r, > R.,
[\/R% _Piz’ rﬁ —Piz] ¥ry > |pil and r, <R,,

where r, refers to the discretized grid of the spherical coor-
dinate system. Thus, the required coordinates for each ray

corresponding to a certain (p;, ;) pair are determined in the

cylindrical coordinate system 23;‘3). All quantities describing the

state of the gas along a ray need to be interpolated from the
spherical grid of the input model. To this end, we need to trans-

form coordinates from ZSyaCy) - ), ylb) Ei?,'zj):

®)

Zke

x pcos{

i] = [P sin 4] ©))
Z Z

X ex-ex e5-e, e:-e) (X

y|=|ex-e, e5-e, e:-e|-|y|=A-F (10)
Z e;-e, e5-e, ex-e) \Z

r V2 +yr+ 22

0|= tan‘l(\/x2+y2/z) , (1)
@ tan™! (y/x)

with e, , . and e;;; the unit vectors of the Cartesian reference

frames for the spherical and cylindrical systems, respectively,

and A the transformation matrix from the Cartesian ray system
to the object’s Cartesian reference frame. The unit vectors ez and

e; can be chosen arbitrarily under the constraint that e; || n and

ez L e; L e;. With the obtained coordinates in the spherical

system of the object, all quantities on the discretized ray are cal-
culated by tri-linear interpolations. To ensure that the line-profile
function along a ray is resolved by the z-grid, we refine the Z-grid

if the projected velocity steps are above vy, /3.

For a single object, synthetic line profiles are thus obtained
for a specific observer’s direction by performing the following
steps:

1. Definition of the (p, {) grid, and of the transformation matrix
relating the Cartesian reference frames of the cylindrical
(ray) and spherical (object) coordinate systems.

Calculation of the Z;-grid for each (p;, {;) following Eq. (8).

. Transformation of the coordinates (p;, {;, %) to the object’s

spherical system by Egs. (9)—(11), and interpolation of
all required quantities (i.e. opacities, source functions, and
velocity components).

4. Solving the discretized form of the radiative transfer equa-
tion, Eq. (7), along each ray to obtain the emerging spe-
cific intensity. Boundary conditions are specified by photo-
spheric line profiles for the specific intensity if a ray hits
the stellar core (implemented via a user-specified subrou-
tine to couple either line profiles as obtained from Kurucz
atmosphere models, e.g., Castelli & Kurucz 2003, or from
FASTWIND)?. For non-core rays, the incident intensity at
the outer boundary is set to zero.

5. Integration of emerging specific intensities over the (p, {)-
plane by replacing the integral in Eq. (1) with a discretized
sum, in order to obtain the flux at a specific frequency bin.

6. Restarting the procedure at step 2 for the next frequency bin.

W

2 Alternatively, one could also explicitly solve the radiative transfer
through a pre-specified density and temperature stratification in the pho-
tosphere, of course.
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3. Multi-object spectral synthesis

In this section, we extend the solution scheme for a single object
described above to multiple systems by accounting for the appro-
priate coordinate transformations and triangulation techniques.
When accounting for a secondary object, the algorithm above
essentially suffers from one key issue, namely the resolution of
both involved objects. For instance, the spherical grid of the
primary object would not resolve the secondary object in the
required detail when simply adding the secondary into the spher-
ical grid. Although a description in Cartesian coordinates (pre-
sumably requiring mesh-refinement techniques) might help here,
we follow a different path within this paper.

Our method is based on the simple observation that each
individual object in a multiple system can be described on an
individual spherical grid tailored to the properties (e.g., length
scale) of the object (see Fig. 1). All spherical grids are then
embedded within a global coordinate system with origin cho-
sen at the centre of mass of the multiple system. To keep track
of the coordinate representations for each object g, we define the

following transformations between the global system Zg;j()) and

the individual systems 22‘;?,)] (see Appendix A):

. L .
(obj) _ 4 (obj)
_Qq .

cac,0 — LO cac,g + tq (12)
b _ Lo 1 (obi)
racy =707 (reo — ta). (13)
q
h (obj) d (obj) d ibe th di £ . .
where rcaco an rcac,q escribe the coordinates of a given pomt

in the gloBal and individual systems, respectively, Lo and L, are
the length scales of the coordinate systems, ¢, is the translation
vector to the origin of the individual systems measured in the
global system, and the transformation matrices 0, are given by:

@, ,0 @ 0 (@ ,0

eV e el-e) e - e,
0 { 0 0
Qq — ei‘]) . eg,) eg]) . e;) egq) . e;) ] (14)
(D60 (9.0 0.0

The unit vectors effj,,z of the individual coordinate systems EE‘;EJ;Z]

are described in the global system ZSC)J()) and allow for tilts of
the individual objects within the global coordinate system. In
regions where individual coordinate systems are overlapping, the
local state of the gas needs to be described consistently within all
grids.

For a given observer’s direction ny measured in the global
frame then, we compute the corresponding representations in
the individual coordinate systems, n, = Q;l - np, and assign
cylindrical coordinate systems to each of the objects following
the procedure outlined in Sect. 2 by setting e;q) = n,. Again,
to keep track of the different coordinate systems, we define the
transformation from the local ray-coordinates to the local object
coordinates:

(obj) _ . Aray) (ray) (obj)

Teacy = Aq Tealg — Teacqy = A;' 3 (15)
with transformation matrix
e;q) -ey e;q) -e, e;q) -e,
A, = e;q) -ey e;q) -ey ef;q) ey, (16)
e e, e(;]) -e, e;q) ‘e,

ande, = (1,0,0), e, = (0,1,0), e, = (0,0, 1) the representation
of the object’s local coordinate system within the corresponding
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basis. Accordingly, we also define a global ‘cylindrical’ coor-
dinate system with e; = ng, since the individual cylindrical
coordinate systems may overlap (e.g., during transits). The flux
integration, Eq. (1), is then performed in the global cylindri-
cal system, and needs to be adapted to avoid double counting
of overlapping areas. To this end, we consider the global 2D
Delaunay-triangulation of all (p;, {;),; points from all individ-
ual cylindrical coordinate systems by using the GEOMPACK2
library® (Joe 1991). The flux integration, Eq. (1), can then be
performed by numerically integrating the intensities over all tri-
angles.

With Egs. (12), (13), and (15) representing the formalism to
transform coordinates between the individual and global ray and
object systems, the basic algorithm is then defined as follows:

1. Definition of the individual coordinate systems for all objects

g, that is length-scales L, translation vectors #,, basis vec-

tors (described in the global coordinate system) ei?;,z, global

velocities v'@ (corresponding to the orbital velocities of the
objects), and calculation of the transformation matrices 0,
via Eq. (14).

2. Definition of the (p, ), grid for all objects g, and calcula-
tion of the transformation matrices between ray and object
coordinate systems A, via Eq. (16).

3. Transformation of all (p, ), coordinates to the global ray-

coordinate system using Eqs. (12) and (15) to obtain the

corresponding (¥, ) coordinates in the global ray coordinate
system.

Calculation of the 2D triangulation in the global ray system.

Back-transformation of each (%, ¥) coordinate to all individ-

ual coordinate systems via Egs. (13) and (15).

6. Step 2 of the single-star algorithm: Setting the Z, grid along
a ray within each individual coordinate system following
Eq. (8).

7. Step 3 of the single-star algorithm: Transformation of
all (%;,¥),%), coordinates to the individual spherical sys-
tems and interpolation of all required physical quantities
(i.e. opacities, source functions, velocity fields) onto the ray.

8. Transformation of the individual rays to the global ray sys-
tem via Eqgs. (12) and (15).

9. Merging all individual rays to one single ray for a given (%, y)
point (see Fig. 1).

10. Step 4 of the single-star algorithm: Solving the discretized

form of the radiative transfer equation, Eq. (7), along the ray.

11. Step 5 of the single-star algorithm: Integration of emerging

specific intensities over the triangulated area in Eq. (1) to
obtain the flux at a specific frequency bin.

12. Step 6 of the single-star algorithm: Restarting the procedure

at step 6 for the next frequency bin.

With this algorithm, we are able to calculate synthetic line pro-

files for any given orbital configuration and any given state of

the surrounding material. We emphasize that this procedure is
independent of the length scales of the individual systems, and
automatically accounts for transits. Thus, one could also anal-
yse, for example, planetary atmospheres or complex jet con-
figurations as frequently found in post-asymptotic giant branch
binary systems (e.g., Bollen et al. 2020). Moreover, this algo-
rithm can be extended to multiple systems, with the computation

time typically scaling linearly with the number of objects, and a

quadratic scaling found only for complex situations (e.g., when

all involved objects are transiting).

oo

3 https://people.math.sc.edu/Burkardt/f_src/geompack2/
geompack?2.html

4. LB-1

With the above described algorithm, we can readily tackle binary
systems in 3D (see also Appendix B for some test calcula-
tions of the code when applied to single-star models). In this
section we model the H, line of the binary (or multiple) sys-
tem LB-1 as a first application, focussing on the strB+Be sce-
nario by Shenar et al. (2020) and on the original B+BH scenario
(though with a revised mass for the B star by Simén-Diaz et al.
2020). For both hypotheses, we adopted the stellar parameters as
obtained by these authors. For the B star in the B+BH scenario,
Simén-Diaz et al. (2020) applied the 1D spherically symmetric
NLTE code FASTWIND to deduce the stellar parameters. Simi-
larly, Shenar et al. (2020) applied the 1D spherically-symmetric
NLTE code PoWR (Hamann & Grifener 2003; Sander et al.
2017) to the disentangled spectrum of the Be-star in the strB+Be
scenario, while relying on the Grid Search in Stellar Param-
eters tool (GSSP, see also Shenar et al. 2020, Appendix B.1;
Tkachenko 2015) with synthetic spectra derived from 1D plane-
parallel LTE modelling using the SYNTHV (see also Shenar et al.
2020, Appendix B.1) radiative transfer code (Tsymbal 1996) and
a grid of LLMODEL (see also Shenar et al. 2020, Appendix B.1)
atmospheres (Shulyak et al. 2004) when analysing the stripped
star. The updated stellar parameters by Lennon et al. (2021)
using the 1D plane-parallel NLTE code TLUSTY (Hubeny 1988,
Hubeny & Lanz 1995) are typically in a similar range (see
Table 1). These studies relied on investigating photospheric lines
that are (at most) very weakly contaminated by the disc (in con-
trast to H,, for instance), so that the adopted stellar parameters
should be good representatives of the underlying stars. With the
given stellar parameters then, we ‘only’ need to define a suit-
able disc model for the BH disc and the Be-star disc to calculate
synthetic H, line profiles.

To this end, we have set up an axisymmetric analyti-
cal model for the disc following Kee et al. (2018) (see also
Carciofi & Bjorkman 2006) which is based on a prescribed den-
sity stratification in the equatorial plane by a parameterised
power-law, and assumes hydrostatic equilibrium in the vertical
direction. Then, the density in the disc is:

rsin@®\ " GM, [ 1 1
pr0 = “7°) e (s )|

« v} \rsin® r

(a7

with r, ® the radial and co-latitudinal coordinates, M, the stel-
lar or BH mass, R, the stellar radius or the minimum radius
of the BH disc, and py and Bp the base density and power-law
index for the density stratification. When Sp = 15/8, this for-
mulation is equivalent to the standard @-accretion disc model
by Shakura & Sunyaev (1973) at large distances from the BH,
with the a-prescription and accretion rate hidden* within the
parameter p,. As such, pg is related to the mass flux through
the disc, and Bp can be considered as a combined proxy for
the disc viscosity, scale height, and temperature as a function of
radius (within both a BH accretion or a Be-star decretion disc).
For Be-stars, typical values are of the order of fp € [1.5,4]
and pg € 5-[1071°,1073]gecm™3 (based on observations and
H, line fitting, e.g., Silaj et al. 2010, see also the review by
Rivinius et al. 2013). With the sound speed, v; = +/kgT/um,,
evaluated here for a typical temperature 7 = 10kK and a mean
molecular weight u = 0.6, the disc density is specified for given
stellar parameters and the input parameters pg, Sp.

* Following the formulation by Frank et al. (2002), the base density
can be derived from their Eq. (5.49) at large distances from the accreting
object, yielding po = 3.1 - 1087710 //*’m*R_/*, with M4 the
mass-accretion rate in 10'® gs™!, m,; the mass of the central object in

M, and R, ;o the inner disc radius in units of 10'° cm.
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Table 1. Stellar parameters for the B+BH and strB+Be scenario used for our simulations of the LB-1 system, and as found in the literature.

B+BH strB+Be
Reference This work (D 2) This work 3) 2)
Primary Type B star B star B star Stripped star  Stripped star Stripped star
Tg?? (kK] 14 €[13.5,145] €[15.0,15.6] 12.7 12.7 €[12.4,12.6]
RV [Ro] 53 €[4.1,6.5] €[5.4,6.7] 5.4 5.4 € [4.4,5.3]
MY (M) 4.2 €[1.3,5.5] €[3.8,7.0] 1.3 €[1.1,1.9] €[0.5,1.3]
log gV 3.5 € [3.35,3.65] €[3.4,3.8] 3.1 3.0 €[2.8,3.2]
oL [kms™!] 21 <27® 21© 11 € [13,30] 11
vy 0.1 0.1 0.1 0.2 0.21 0.2
Secondary Type BH - BH Be star Be star Be star
T%) [KK] - - - 18 18 €[18.7,19.1]
R [Ro] 1 - - 3.7 3.7 €[2.8,3.4]
MP [M,] 30 - € [13,30] 7 €[5,9] €[1.6,6.9]
log g® - - - 4.15 4.0 €[3.7,4.3]
02 [kms™'] - - - 600 € [400, 560] 480
Y - - - 0.1 0.08 0.1
Notes. The values for the rotational velocities have been deduced from the inclination used in this paper (see Table 2, i = 22° and i = 39° for the

B-+BH and strB+Be scenarios, respectively). For consistency, we calculated log g from the stellar radii and masses.
References. (1) Simén-Diaz et al. (2020); (2) Lennon et al. (2021); (3) Shenar et al. (2020).

Further, we assumed Keplerian rotation of the disc in the
orbital plane of the binary system, with the azimuthal compo-
nent of the velocity field given as

GM,
b (r,©) = N rsin®’

Since the temperature stratification crucially depends on the type
of the disc (BH-accretion disc or Be-star disc), the formula-
tion corresponding to each individual model will be described
in Sects. 4.1 and 4.2, respectively. To calculate H, opacities
and source functions, we applied Egs. (3) and (4), with occupa-
tion numbers calculated from Saha-Boltzmann statistics assum-
ing full ionization.

For such disc models, an overarching goal is to qualitatively
reproduce the observed H, line profiles (see Fig. 2), together
with the corresponding dynamical spectrum and the radial veloc-
ity curves with a semi-amplitude for the primary and secondary
of K; ~ 53kms~! and K, ~ [6, 13]km s}, respectively. For the
secondary object, the interpretation of the radial velocity curve
crucially depends on the applied method, with essentially two
choices at hand. Firstly, the semi-amplitude can be calculated
from the barycentric method, where the H, line centre at each
phase is determined by considering the line wings up to a cer-
tain flux level. Using this method, Liu et al. (2019) estimated
K;H") ~ 6kms~'. However, as shown by Abdul-Masih et al.
(2020a), an absorption component of the primary object could
increase the apparent motion of the line wings, thus overestimat-
ing the true orbital velocities. Following this argumentation, an
emission component of the primary object would underestimate
the true orbital velocities when measured with the barycentric
method. Alternatively, the orbital solution could be estimated
by applying spectral disentangling techniques, with correspond-
ing results expected to represent the actual orbital motion of
the objects. Using this method, Shenar et al. (2020) measured

Kgr”e) ~ 11kms~! for LB-1, in good agreement with a detailed
investigation of near-infrared emission lines by Liu et al. (2020)

estimating Kgme) € [8, 13]1kms~!. The differences between the

(18)
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K, values as obtained from the barycentric method and the disen-
tangled spectra might then be explained by an emission compo-
nent attached to the primary object. Our modelling then should
ideally reproduce the KEH") ~ 6kms™' semi-amplitude when
applying the barycentric method to the synthetic H, lines, while
also yielding Kgme) ~ I1kms™' from the actual orbit of the
system.

Since the eccentricity is small (e = 0.03 £0.01, see Liu et al.
2019), we assumed a circular orbit. For given masses of the indi-
vidual objects, M, M;, and an observed orbital period P ~ 79d
then, the orbit is obtained from the two-body problem:

G (M, + My) P*]'""
0= (M, 2) (19)
472
M. M. 2
ay = L - a v = 2 _ﬂa (20)
M, + M, M, + M, P
M M 2
w=—"1q =" 2D
M, + M, M, +M, P

with a the binary separation, a;, a; the distance of the objects to
the centre of mass, and v; and v, the absolute orbital velocities.
Thus, for the observed radial velocity curve(s) and period, and
assuming the individual masses of the objects to be given, the
inclination 7 is fixed within our calculations in order to repro-
duce the semi-amplitude of the radial velocity curve for the pri-
mary object by v; - sin(i) = K;. For our best models, the orbital
parameters are summarized in Table 2.

4.1. B-star and BH-disc (B+BH) scenario

In the following, we describe our model for the B+BH scenario
(model PB_SBH, primary: B star, secondary: BH). For the B
star, we used the stellar parameters as summarized in Table 1.
With K; and Ké‘r”e) given, the mass of the black hole is con-
strained via Egs. (20) and (21) yielding M, = MK,/ K;m'e) ~
[20,30] My, where we have chosen the black-hole mass as
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Fig. 2. H, line profiles at different phases ¢ (fop row) with corresponding mean-subtracted dynamical spectra (middle row) and radial velocity
curves (bottom row) of the BH or strB companion. The x.s-axis describes the frequency shift from line centre expressed in velocity space.
The first three columns to the left display the solution for the three different models, PB_SBH (primary: B star, secondary: BH), PST_SBEO1
(primary: stripped star, secondary: Be-star, model 1), PST_SBE(2 (primary: stripped star, secondary: Be-star, model 2), with H, line profiles
at two distinct phases from the actual observations indicated by the black dashed and dotted lines. The right column additionally displays the
corresponding observed (see Shenar et al. 2020) H,, line profiles, mean-subtracted dynamical spectrum and radial velocity curves of LB-1, where

we distinguish between the true ones (e.g., from using disentangling met|
applied to the H, line wings (red). To reduce the noise, all observed line
The bottom panels display the radial velocity curves of the secondary wh
wings (red crosses) and when using the true orbital parameters (blue cro:
as found by Shenar et al. (2020) and Liu et al. (2019) using disentangling
respectively. At the top, the (phase-averaged) equivalent width evaluated
the synthetic-spectra calculations are indicated.

hods) indicated in blue and those obtained from the barycentric method
profiles have been convolved with a Gaussian filter of width 10kms™'.
en calculated from the barycentric method applied to the H, line profile
sses). Additionally, we display the corresponding radial velocity curves
techniques (blue solid line) and the barycentric method (red solid lines),
in velocity space in units of 100kms~" and the inclination used within

Table 2. Orbital parameters for the LB-1 system as calculated from our models and found in the literature.

Models Literature
PB_SBH PB_SBEOI PB_SBE(2 (1) ) 3)
il°] 22 39 39 - - € [35,43]
K [kms™] 53 53 53 53 53 53
K™ [kms™'] 7.4 9.9 9.9 - €[8,13] €[10.2,12.2]
KM [kms™] 10 13 8 €[5.6,7.2] - -

References. (1) Liu et al. (2019); (2) Liu et al. (2020); (3) Shenar et al. (2020).

M, =30 M, and inclination i = 22° in order to reproduce the
semi-amplitude of the radial velocity K;. With this inclination,
we adopted a rotational velocity for the B star, uﬁéﬁ = 21kms™!
(with the observed value v sin i = 8kms~!, Lennon et al. 2021).
To model the disc, we have set the minimum radius to Riz) =
1 Ro, since any regions with smaller radii would not contribute
to the emission due to the small emitting area in any case, and
have set the maximum radius of the disc to the distance from the
BH to the first Lagrange point.

For a standard a-disc model without irradiation from an
external source, we do not expect any emission in H,, since the
surface of the hot regions close to the BH is very small, and

the B-star companion completely dominates the total radiation
flux. In the B+BH binary system, however, the disc will also
be heated by the B-star companion. In order to avoid complex
multi-D radiation-hydrodynamic simulations, and to keep our
model as simple as possible, we introduced a constant tempera-
ture within the disc as a free parameter. With given stellar param-
eters and inclination then, the model is completely specified by
four input parameters, namely the disc temperature, Tygisc, the
micro-turbulent velocity in the disc, v? | the base density of

the disc, pgz), and the slope of the density stratification, ,8]()2 ).
We then calculated H, line profiles with the algorithm
described in Sect. 3 for different models (see Appendix C.1). As
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Fig. 3. Disc models in the equatorial plane corresponding to our best-fit
parameters of the LB-1 system (see Table 3). The top and middle panels
display the radial density and temperature stratification, respectively,
and the azimuthal velocity component is shown in the bottom panel.
The blue and red lines indicate the BH accretion disc (model PBH_SB)
and the Be-star disc within the single-disc model (model PST_SBEO1),
respectively. For model PST_SBEO2 (containing two discs), the Be-star
disc is indicated by the green dotted line (partially overlapping with the
red solid line from model PST_SBEO1), and the stripped-star disc is
indicated by the green solid line.

Table 3. Disc parameters for the three different (best-fit) models as
obtained from our simulations of the LB-1 system (see text).

Model PB_SBH PST_SBEOl PST_SBEO02
Type B star Stripped star  Stripped star
oD [kms!] - - 30
Primary m(llc)m 3 -12
Py lgem™] - - 1.3-10
B - - 7/2
Tise [KK] - - Eq. (22)
Type BH Be star Be star
o2 kms] 100 100 100
Secondary PBZ) [gem™3] 3.10-12 69-10°13  6.4.10°13
Bp 3/2 3/2 3/2
Taisc [kK] =const. = 8 Eq. (22) Eq. (22)

an inner boundary condition for the specific intensity emerging
the B star, we used a photospheric line profile obtained from
FASTWIND. Further, we calculated the radial velocity curve
from the barycentric method considering only the wings of the
H, lines up to 1/3 of the total height of the H, line profile as
suggested by Liu et al. (2019). The results for our best fit (by

eye) with disc temperature, Tgisc = 8 kK, micro-turbulent veloc-
ity vfﬁi)cm = 100kms~!, base density péz) =3-10""?gem™3, and
radial density stratification Sp = 3/2 are shown in Fig. 2, with
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corresponding density, temperature, and velocity profiles in the
equatorial plane shown in Fig. 3.

The slope of the density stratification is in fairly good agree-
ment with accretion discs described within the a-disc prescrip-
tion. Indeed, a shallow slope of the density stratification is also
required from a modelling point of view to obtain a centrally
peaked emission profile. For a steeper decline of the density, for
instance, the outer disc regions (where the velocities are low-
est) barely contribute to the low-velocity emission due to much
smaller densities.

On the other hand, the emitting area at high (projected)
velocities (i.e. near to the inner disc radius) is quite small. Thus,
a relatively high micro-turbulent velocity is required to obtain
the broad H,, emission wings, effectively increasing the emitting
area (and consequently the emerging flux) at high velocity shifts.
In particular, this also smoothens the typically double-peaked
emission feature of accretion discs even at such inclinations (i =
22°). High turbulent velocities, however, are frequently found
when modelling dynamical systems with simplified station-
ary models (which by assumption neglect small-scale turbulent
motions in the gas). As just one example, to mimick the observed
velocity dispersion when analysing magnetically confined winds
described with a steady state model, Owocki et al. (2016) con-
volved their synthetic H, line profiles with a 150kms~' Gaus-
sian ‘macro-turbulence’ velocity. Since we have neglected grav-
itational interactions of the primary object with the disc, we
might thus expect the inferred high turbulent velocities to mim-
ick dynamical effects within the binary system.

The qualitative behaviour of the observed H, line profile
is well reproduced, with corresponding phase-averaged equiv-
alent width measured in velocity space in units of 100kms™",

W, = 6.81, in good agreement with observations (W™ = 6.84).
We emphasize, however, that the radial velocity curves show
some discrepancies when compared to observations (see also
Table 2). While the actual orbital velocities, K™ = v, sin (i) =
7.4kms™!, are slightly below the observed range (Kgme’(’bs) €
[8, 131kms™!), we find a higher semi-amplitude when applying
the barycentric method (K;H") = 10kms™"). Indeed, this discrep-
ancy can be explained by the absorption profile of the B star (see
discussion in Abdul-Masih et al. 2020a), and could be solved by
an additional H, emission component attached, for example, to
the B star or to a tertiary object. Such an additional emission
component would reduce the radial velocity amplitude as mea-
sured from the barycentric method, by slightly modifying the
H, line wings.

More pronounced, we find significant differences between
the observed and synthetic (mean-subtracted) dynamical spectra
of the H, line. While the observed dynamical spectrum clearly
displays an anti-phase behaviour of the line wings and the line
core, the corresponding features in the synthetic dynamical spec-
trum are fairly well aligned. As shown below for the strB+Be
scenario, this issue could be solved by introducing also a disc
around the B star though.

A main theme of our model regards the temperature strat-
ification of the BH disc, where we required Tgisc = 8kK in
order to reproduce the observations. This temperature region
can indeed be considered as a sweet spot, since lower temper-
atures (Tgise < SkK) would require much higher densities to
provide enough emission in H,. The corresponding densities
would translate to a high mass-accretion rate of the BH within
the standard @-disc prescription, thus predicting an X-ray bright
accretion disc that has not been observed. Similarly, too high
temperatures (Tgse = 15kK) are not allowed either, because
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we would need to increase the densities to match the equiva-
lent width of the observed H,, line profiles (see Appendix C.1),
again yielding an X-ray bright accretion disc. If the sweet-spot
temperature as found in our model is a reasonable substitute for
detailed numerical simulations still needs to be investigated.

4.2. Stripped-star and Be-star (strB+Be) scenario

For the stellar parameters of the LB-1 system within the strB+Be
scenario, we adopted the values proposed by Shenar et al.
(2020), summarized again in Table 1, and yielding an inclina-
tion i = 39°. Motivated by these authors, we have set the rota-

tional velocity of the stripped star to vﬁ‘l)z = 11 (withvsini =

7kms™! following Shenar et al. 2020 and Lennon et al. 2021),

and assumed the Be-star to rotate at its critical velocity, vﬁz =

JGM /R, For simplicity, we neglected effects of gravity
darkening.

To set the temperature stratification in the disc, we followed
the qualitative behaviour as found by detailed radiative-transfer
calculations in Carciofi & Bjorkman (2006, Sect. 5.2). In regions
close to the stellar surface (where the vertical electron-scattering
optical depth 7,(rsin®) > 0.1), we adopted an analytical tem-
perature stratification described by a flat blackbody reprocessing
disc (their Eq. (12)):

To [ . R,
Tdisc (r’ ®) = m [Sln (r sin ®)
1/4

R, R
- , (22)

2 sin’ ©

rsin®

with T the base temperature of the disc. Since the base densities
of our disc models are typically relatively low, we can neglect
back-warming effects of the photosphere by the disc, and there-
fore have set the base temperature to the stellar effective tem-
perature, 7y = T.r. To mimick the heating of the disc in (ver-
tically) optically thin regions by the star, we adopted a constant
disc temperature Tgic = 0.6 - Teg Where 7,(r sin ®) < 0.1 (again,
following the argumentation by Carciofi & Bjorkman 2006).
We note already here that we additionally allowed for a disc
attached also to the stripped star (see below). With given stel-
lar parameters, a now specified temperature stratification, and a
given inclination to reproduce the semi-amplitude of the radial
velocity curve of the primary, K, the model is completely spec-
ified by six input parameters, namely the micro-turbulent veloc-

inl{czr)o’ the base density pél’z) , and the slope of the density

stratification of both discs, ﬁg 2 When considering only the Be-
star disc, the number of free parameters is reduced to three.

As for the B+BH scenario above, we calculated synthetic
H, line profiles with the developed BOSS-3D code for vari-
ous different models (see Appendix C.2), with the photospheric
line profiles of both stars again obtained from FASTWIND. The
results for our best two models are shown in Fig. 2, with the
corresponding density, temperature, and velocity stratification in
the equatorial plane shown in Fig. 3, and the orbital and disc
parameters summarized in Tables 2 and 3, respectively.

Model PST_SBEO1. This model describes a stripped star
(primary object) in orbit with a Be-star (secondary object) host-

ing a circumstellar disc. The obtained disc parameters, Bg ) =3/2

and p§’ = 6.9-107'% gecm™ are both at the lower end of expected

values (see above and Silaj et al. 2010), which can be explained
as follows: Firstly, the inner regions of the disc (i.e. those near

ities, v

to the star with highest rotational velocities) would become opti-
cally thick in the continuum’® for higher base densities, and the
broad line wings would vanish within the continuum flux. Sec-
ondly, as described above for the BH disc, a shallow slope of
the density stratification is required to obtain a centrally peaked
emission profile. Again, we also require a high micro-turbulent
velocity to obtain the broad H, emission wings and to smooth
out the otherwise double-peaked emission profile.

Even for our best fit (by eye) parameters, however, the cen-
tral emission peak is not well reproduced with this model. Addi-
tionally, the equivalent width averaged over all phases (W, =
6.57, again measured in 100 km s71) is somewhat smaller than

expected from observations (W™ = 6.84). Moreover, the
obtained semi-amplitude of the radial velocity of the secondary

object, K;H“) = 13kms~!, shows a clear deviation from the actu-

ally observed values (K;H”’Obs) ~ 6kms™!). As in the B+BH sce-
nario, the semi-amplitude is larger than the orbital velocity of the
secondary object (v sin(i) = 9.9kms™!), demonstrating again
the impact of the photospheric absorption profile underlying the
stripped star in this case. Finally, the dynamical H, line profile
shows the same behaviour as for the B+BH scenario, in contrast
to observations.

Model PST_SBEOQ2. To improve the model and to increase
the low-velocity emission, we additionally implemented a cir-
cumstellar disc attached to the stripped star. Although specula-
tive, this disc might have formed by re-accretion from the Be-star
(e.g., Shenar et al. 2020) or from earlier mass-transfer phases.

While the best fit (by eye) gives a similar disc for the Be-star
as found above, we predict a slightly higher base density of the

stripped-star disc, o’ = 1.3- 1072 gem™2, and a relatively steep

slope of the density stratification, Bg) = 7/2. Since the orbital
velocities of the stripped-star disc are quite low in any case
(Eq. (18) with a small mass and large radius), this model gives
an increased central emission peak, at least for moderate micro-
turbulent velocities. The qualitative behaviour of the observed
H, line profile then is very well reproduced, with corresponding
equivalent width, W = 6.84, in very good agreement with
observations. Since the H, line wings are slightly contaminated
by the (anti-phase) emission from the stripped-star disc, the

obtained radial velocity curve (KéH”) = 8kms™') agrees fairly

well with the corresponding observations (KEH"’ObS) = 6kms™!
as derived from the observed H, line wings). This underesti-
mation of the true orbital velocities due to the contamination
of the line profile by an emission component from the primary
object is tightly connected to the opposite effect as found by
Abdul-Masih et al. (2020a) for an absorption component.

While we were not aiming at an exact reproduction of the
radial velocity curves due to the simplicity of our disc model
(e.g., neglecting disc inhomogeneities), we show that the disc’s
emission component can qualitatively explain the discrepancies
between the true and apparent orbital motion of the system. We
emphasize that any sort of relatively narrow, centrally peaked
H, emission originating from the stripped star might provide
similar results. The origin of such narrow H, emission, however,
remains unclear. For instance, we were not able to reproduce the
observations with a simple (8-velocity-type) stellar wind blown
from the stripped star. In contrast, the dynamical spectrum of
our strB+Be model with an additional disc around the stripped
star is in good agreement with observations. Thus, and due to

> We have approximated the continuum by pure electron-scattering
opacities and assuming LTE to determine the source function.
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the simplicity of our disc model (with only three free parameters
for each disc), we propose that LB-1 contains two discs, each
attached to the individual objects in a strB+Be binary system
(as shown here), or in a B+BH binary (as qualitatively explained
above). We emphasize that Shenar et al. (2020) found a centrally
peaked H, emission from the stripped star by using disentan-
gling techniques as well, suggesting that this residual component
might originate from a disc around the stripped star. Our present
results put this interpretation on a much firmer ground.

5. Summary and conclusions

In this paper, we have presented a new method for calculating syn-
thetic spectra of binary systems, assuming the orbital setup and
the atmospheric and circumstellar structure(s) to be known. This
method can be extended to multiple systems, with the computa-
tion time scaling only linearly (or slightly super-linearly) with the
number of involved objects. Moreover, by assigning individual
coordinate systems to each object and accounting for the appropri-
ate coordinate transformations, the developed method automati-
cally accounts for the different length-scales of each object. The
presented algorithm and associated code (BOSS-3D) is therefore
capable of calculating synthetic line profiles for a wide variety
of astrophysical systems, such as planetary or stellar transits, jets
associated with young stellar objects (YSQO’s) or post-asymptotic
giantbranch binary systems (see also Bollen et al. 2020), and mul-
tiple systems involving (possibly colliding) stellar winds, Be stars,
or black holes (BH’s) with discs.

As a first application of the method, we considered the
H, line formation of the B-star/BH-disc (B+BH) and stripped-
star/Be-star (strB+Be) scenarios for the enigmatic (multiple)
system LB-1 that have previously been proposed (among other
hypotheses, see Sect. 1) by Liu et al. (2019) and Shenar et al.
(2020), respectively. To calculate the density stratification and
velocity field, we applied an analytical, geometrically thin,
Keplerian disc model in vertical hydrostatic equilibrium. Fur-
ther, we assigned a constant temperature to the BH disc as a free
parameter, and used a prescribed temperature stratification based
on Carciofi & Bjorkman (2006) for the Be-star disc. The level
populations for the H, line transition have then been computed
from Saha-Boltzmann statistics assuming full ionization.

Under these assumptions none of the models can reproduce
the detailed phase-dependent shape of the observed line pro-
files, particularly due to differences in the dynamical spectrum
(and missing low-velocity emission in some cases). Moreover,
the radial velocity curves measured from the synthetic H, line
wings are highly overestimated due to the absorption compo-
nent of the primary object (see also Abdul-Masih et al. 2020a).
It remains open whether NLTE calculations can help to explain
the detailed phase-dependent shape of H, line profiles. Detailed
theoretical investigations are needed to test these effects. Alter-
natively, we have empirically set an additional disc around the
stripped star within the strB+Be scenario to solve this problem,
and found a sound reproduction of the observed H,, line profiles
both from their qualitative shape and their equivalent widths, as
well as of the dynamical spectrum and the radial velocity curves.
This putative disc might be a remnant associated with earlier
mass-transfer phases or could have originated from re-accretion
of material from the Be-star disc.

Similarly, such a disc might be attached to the B star in the
B+BH scenario as well, and the B+BH hypothesis remains a valid
possibility to explain the LB-1 system. In any case, our findings
provide strong evidence that LB-1 contains a disc-disc system,
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with an additional disc either attached to the B star (in the B+BH
scenario) or to the stripped star (in the strB+Be scenario).
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Appendix A: Coordinate transformations

In this section, we derive the basic transformations of coor-
dinates between two coordinate systems (see Fig. A.l1) with

orthogonal basis such that £; = (eil),ey),egl)) and X, =

@ ,@

(eﬁ?, e, ,e; ) Any point ry, in Z; can then be expressed by

1 1 1
ry, = X|e§) + yle;) +Z]e§)

= sxxzeiz) + syyze(yz) + szZzegz) +t, (A.1)

where (x1,y1,z1) and (xz, Y2, 22) are the coordinates in each sys-
tem, s, , . are scale factors allowing us to include different length

scales for both coordinate systems, ¢ = rel + tye(yl) + tzegl) is the

()]

translation vector indicating the origin of X, within X, and ey, .

are the basis vectors of X, measured within X;.

—_———— el

~
>
- -
- -
-
-
-
-
- - -

-

elV)
Fig. A.l. Transformation between coordinate systems X; =

(eil),e;”, egl)) and ¥, = (e&z),ef), e(zz)), where ¢ indicates the translation

vector from X; — X,, and r, and ry, denote the coordinate representa-
tions in each system for a given point.

For our purposes, the length scales of both coordinate sys-
tems are constant (and typically refer to the radius of each indi-
vidual object). Thus, we define s := Ly, /Ly, = s, = s, = 5., with
Ls, and Ls, describing the length scales of the individual coor-
dinate systems. Multiplying Eq. (A.1) with e&l), el(l), and egl), we
obtain in matrix form:

2

@, M

1 2 1
X1 s 0 0y(ex 'efr) €, €y eg)'e.(x) X2
yi| =[0 s 0fle? 'e!(/l) e(f) . efjl) e§2> : ey) Y2
7 0 0 s e(2) _e(l) e(2) .e(l) e(z) .e(l) 2
X z y z z z
—— N— ——
rs, =S —A rs,
Ix
+ (A2)
I;
——

Thus, the transformations between the coordinate systems X; <
%, are readily given by:

ry, = [SA] - rs, +t
rs, = [SAT™" - [rg, — 1] .

(A.3)
(A4)

Appendix B: Test calculations
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Fig. B.1. Top panel: Synthetic line profiles as a function of frequency
shift from line centre in units of the terminal velocity for our spheri-
cally symmetric test model (see text). The solid lines indicate the line
profiles as obtained from the binary code at different phases ¢ and a
fixed inclination i = 90°, and the grey crosses correspond to the solu-
tion as obtained from the single-star code. The vertical dashed lines
indicate the transition frequency of the line at the different phases for
the assumed orbital configuration. Bottom panel: Relative error of the
obtained line profiles at different phases when compared to the single-
star code (shifted by the corresponding projected orbital velocities).

In this section, we test the developed BOSS-3D code by calculat-
ing synthetic line profiles of a generic resonance-line transition
within a spherically symmetric wind of a prototypical hot, mas-
sive star. In order to compare the results with the single-object
code described in Sect. 2, the secondary object is assumed to

be dark (Te%) = 10K) and small (Riz) = 0.2Ry). The coordi-
nate system of the secondary object, however, has been set to
a large extent, in order to test if the routines for setting up the
triangulation and the individual rays are performing reasonably
well. By assigning an artificial circular orbit with absolute veloc-
ity vo, = 1000kms™! to the primary object, we further test
if the corresponding Doppler-shifts are correctly implemented
for different viewing angles. The primary object is described by
R(*l) = 20R,, Te(llf) = 40kK, and with a wind stratification given
from a SB-velocity law with base velocity vy, = 10km s7! ter-
minal velocity v, = 2000kms~!, and 8 = 1. The required den-
sity is obtained from the continuity equation assuming a mass-
loss rate M = 10‘6Moyr‘1, and the source function is calculated
from the Sobolev approximation (Sobolev 1960) for a pure scat-
tering line within the two-level approach. Finally, we specify the
boundary condition by the Planck function, 7, = BV(T;I}.’Z)) ,ifa
ray hits the core of one of the objects.

Figure B.1 displays the resulting line profiles for edge-on
observer directions at different phases, compared with the result
from the single-object code. Since the relative error remains
below few percent, we are highly confident that the algo-
rithm also works for more complex simulations. Moreover, the
expected velocity shift at the different phases is exactly repro-
duced. We finally emphasize that we obtain the same results
when interchanging the primary and secondary object within our
algorithm, as required.
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Appendix C: Parameter study

In this section, we perform a parameter study of the disc model
introduced in Sect. 4, and investigate the main effects of the
different model parameters on the various measured quanti-
ties (i.e. the line-profile shape, the equivalent width, the radial-
velocity curve and its semi-amplitude). To this end, we focus
on the B-star and BH-disc scenario (model PB_SBH), and on
the stripped-star and Be-star scenario with two discs (model
PST_SBEO02). The individual disc parameters are varied one at a
time, starting from our best-fit by eye models presented in Sect. 4
and summarized in Table 3. The radial-velocity curves have been
derived from the H, line wings defined as those parts of the syn-
thetic line profile with normalized flux below a threshold of 1/3
of the flux peak (see also Liu et al. 2019).

C.1. Parameter study for the B-star and BH-disc scenario

Figure C.1 displays the results of our parameter study for
the B-star and BH-disc scenario, with variations of the four
free parameters, namely the disc’s base density, pz)z) € 3

[10713,107"" T gem™3, the slope of the density stratification,
]()2) € [1.5,4], the disc’s temperature Téi)c € [6, 15]kK, and the
micro-turbulent velocity, 11(2-)Cro € [15,105] kms™!. Additionally,

mi
we display the reduced y?-values of the equivalent width and the
radial-velocity semi-amplitude as compared to the observations,
as well as the combined reduced y?-value (with an equal weight
to both quantities).

Impact of p(oz). The strength of the line (and thus also the equiv-
alent width) increases with increasing base density of the disc.
Indeed, the equivalent width follows roughly a quadratic depen-
dence, following the p*-dependence of the opacity for recom-
bination lines. For low densities, only the photospheric line
profile from the primary object (the B star in this scenario) is
visible. Thus, the radial velocity curve when measured from
the H,-line wings follows the B-star orbit (K; = 53kms™')
for low base densities, and the BH orbit (K, = 7.4kms™!)
for high base densities, as expected. Additionally, the overes-
timation of the radial-velocity amplitude due to the anti-phase
motion of the stellar absorption profile (see Abdul-Masih et al.
2020a) is clearly observed within our models at intermediate
densities.

Impact of T;fs)c. The strength of the H, line decreases with
increasing disc temperature. This effect can be explained as
follows. With increasing temperature, the occupation numbers
of the lower level become diminished due to the Boltzmann
factor. Thus, the opacity is considerably reduced, and the disc
essentially becomes transparent in H, at high temperatures. We

emphasize that also at temperatures T((jizs)C < 6kK (not shown
here), the opacity drops significantly since most hydrogen will
be found in the ground state. As before, the radial velocity curve
measured from the H, line follows the BH orbit for low tem-
peratures (and thus a strong disc emission). With increasing
disc temperature, the semi-amplitude of the radial velocity curve
becomes overestimated when measured from the H,-line wings
due to the anti-phase motion of the stellar absorption profile. In
contrast to the low-density regime described above, the H,-line
wings are mainly controlled by the disc emission at the upper
temperature limit, and the radial-velocity curve is therefore fol-
lowing the BH orbit for the full parameter space considered here.
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Impact of ﬁg). With increasing slope of the disc’s density strat-

ification, the H,-line profile switches rapidly from showing a
significant disc emission to the (almost) pure absorption pro-
file from the B star. Clearly, for ﬁg) > 2, the disc emission
vanishes due to decreased densities (in particular at large dis-
tances from the BH and therefore low velocities). The corre-
sponding radial velocity curves are slightly underestimating the
true orbital velocity of the B star (K; = 53kms~!) due to a slight
emission from the disc in the H,-line wings (probing the high-
velocity regions and thus the inner parts of the disc).

Impact of vﬁi)cm. Both the strength of the line and the radial

velocity curve are only mildly affected by the micro-turbulent
velocity in the disc. The shape of the H,-line profile, how-
ever, switches from a relatively narrow and strongly pronounced

double-peaked feature at low 2 to a broad and smooth one

micro
at high Uff‘i)cm. When compared to observations (see Sect. 4), the

latter is to be preferred.

Investigation of y2. The y?-values shown in Fig. C.1 indicate
that both the slope of the density stratification and the micro-
turbulent velocity are relatively well constrained to the best-
fit by eye values found in Sect. 4.1. There exists, however, a
slight degeneracy in the disc’s base density and temperature. For
instance, one might find a similar good model by decreasing both
the disc density and the disc temperature at the same time. With
such a model, however, the observed anti-phase behaviour of line
core and line wings (see Fig. 2) could not be reproduced either.
Moreover, at temperatures Téizs)c < 6kK (not shown here) and

T((ﬁzs)c > 15KkK, the disc’s base density would need to be increased
to obtain a significant equivalent width, translating then to an X-

ray bright disc that has not been observed.

C.2. Parameter study for the stripped-B and Be scenario with
two discs

Figure C.2 displays the results of our parameter study for the
stripped-B and Be scenario with two discs, where the discs
are described by six free parameters in total, namely the base
density for each disc, pél) e [10714, 10711 gcm‘3 and p(oz) €
6 - [10713, 107" gem™3, the slope of the density stratification,
ﬁg) and Bg) (both in a range € [1.5,4]), and the micro-turbulent

(& o) (both in a range € [15,105]kms™"). As
before, we additionally display the reduced y2-values calculated
for the equivalent width, the radial velocity semi-amplitude, and

the equally weighted sum of both.

velocities, v

Impact of p(()]) and pgz).

increasing base density of the stripped-star disc, p(()l), particularly
in the low-velocity regions (due to the overall low velocities in
the stripped-star disc). At the lower end of our parameter space,
the stripped-star disc becomes transparent and the H,-line pro-
file consists only of three components, namely the absorption
profiles of both stars in the binary system, and the disc emission
from the secondary object (the Be-star disc). Consequently, the

radial-velocity curves vary significantly. For low p(()l), the H,-
line wings are probing the Be-star orbit (including the effects

of all underlying stellar absorption profiles, of course). With
increasing pf]l), the radial-velocity amplitude becomes reduced

The strength of the line increases with
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and switches sign at the upper limit of our parameter space due
to a significant contamination of the H,-line emission from the
stripped-star disc.

In contrast to the effects of p(()l), the strength of the H,-line
profile increases in both the low and high velocity regions with
increasing pgz). At the lower end of our parameter space, the line
profiles consist only of the emission from the stripped-star disc
(and again the stellar absorption components). Thus, the radial
velocity curves as obtained from the H,-line wings follow the
stripped-star orbit at low péz), while the anti-phase behaviour

probing the Be-star orbit is measured at high péz).

L and ﬂg). The strength of the H,-line profile
increases with decreasing slope of the stripped-star disc’s density

stratification, ﬂg), in particular in the low-velocity regions. As
in Sect. C.1, increasing ,Bg) translates to decreasing the density
of the stripped-star disc, particularly in the outer (low-velocity)
regions. Thus, the synthetic line profiles become slightly broader

at the upper limit of ﬁg). Since the stripped-star disc essentially

Impact of ,8“)

becomes transparent at high ﬁg), the obtained radial-velocity

curve follows the Be-star orbit. Accordingly, the stripped-star

orbit is being probed at low ﬁg), with a significant contamina-
tion from the Be-star disc though.

Also with decreasing slope of the Be-star disc’s density strat-
ification, the strength of the H,-line profile increases, now within
both the low and high velocity regions though. At the upper
limit of ﬁg), the Be-star disc becomes transparent and only the
stripped-star disc is visible (together with the stellar absorption
profiles, again). Thus, a high ,BS) is favourable for measuring the

stripped-star orbit, while a low ,Bg) would give the Be-star orbit
(still contaminated by the stellar absorption profiles).

Impact of Uﬁi)cm and viﬁi)cm. While the equivalent width of

the H,-line profile is only slightly increasing with increasing
micro-turbulent velocity of the stripped-star disc (Ugi)cm), the
shape of the line changes significantly from a double-peaked
feature to a relatively smooth and slightly broader appearance.
Thus, the radial-velocity curve is probing primarily the Be-star

disc at the lower limit of vgi)m, and the semi-amplitude is

Al7, page 13 of 14
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Fig. C.2. As Fig. C.1, however for model PST_SBEO02 and focussing on the six free parameters p'”, p@, 9, B2, vV and v
g L. g .1, - g p pO ’ pO >/“D > /D ° “micro’ micro”

(1)
micro
contaminated from

increasing with v

increasingly

emission.
With increasing micro-turbulent velocity of the Be-star disc

(uﬁi)cm) now, the equivalent width of the H,-line profile is again
only slightly increasing while the shape of the line changes
significantly from a relatively narrow double-peaked line pro-
file to a much smoother and broader one. Thus, the radial-
velocity curves are probing primarily the Be-star disc at the
upper limit of v?  With decreasing micro-turbulent velocity,

micro

the line wings are contaminated by the stripped-star disc, and the

since the line-profile wings become
the stripped-star disc
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semi-amplitude of the radial-velocity curve therefore becomes
decreased (towards positive values).

Investigation of 2. As shown by the reduced y>-values of our
stripped-star and Be-star models (Fig C.2), all fit parameters are
fairly well constrained to the best-fit by eye values found in
Sect. 4.2. There might be a slight degeneracy of the base den-
sity and the slope of the density stratification within each of the

discs, though. For instance, reducing pf)l) and ﬂg) (or pf)z) and

ﬁg)) at the same time might give similar results as found for our
best-fit model.
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