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Abstract: In recent decades, the study of high-energy gamma-ray emitting astrophysical objects
has led to the discovery of a new type of object called gamma-ray emitting binaries (GREB).
Among the approximately 30 known GREBSs, several consist of a compact object and a massive
star. The ones characterised by having the peak of their spectral energy distribution at 2 1 MeV
are called gamma-ray binaries (yBs). So far, ten 4Bs, including LS 5039, have been confirmed as
sources of high and/or very high-energy ~-ray emission. Understanding the physical processes of
binary systems like LS 5039 is crucial. As their behaviour depends on the orbital phase, obtaining
comprehensive information about the orbital parameters and their potential evolution is of great
importance. In this work, we report the study of the evolution of the orbital period of LS 5039
through the fitting of orbital solutions to radial velocities using the program Spectroscopy Binary
Orbit Program (SBOP). Our study revealed no significant variation within the observed time frame.
The new orbital solution we derived, P, = 3.90599 + 0.00002 day, is an order of magnitude more
precise than the previous solution. Additionally, we assessed the potential impact of energy loss due
to the emission of gravitational waves on the orbital period evolution, concluding that it was too

small to significantly influence the results.

I. INTRODUCTION

During the last decades it has been possible to study
high-energy gamma-ray emitting astrophysical objects
only due to the development and optimisation of obser-
vatories and space-borne satellites at high-energies (HE,
100 MeV < E < 100 GeV) and very-high-energies (VHE,
E > 100 GeV (Hinton & Hofmann, 2009). This en-
abled the discovery of binary systems emitting HE and /or
VHE, and the emergence of a new type of object, the
gamma-ray binaries (Dubus 2013).

There are about 30 gamma-ray emitting binaries
(GREB) currently known. Among them, several bina-
ries are composed of a compact object and a massive
star. The ones that are powered by accretion from the
companion star onto the compact object, which can be
either a neutron star or a stellar-mass black hole, are
called microquasars, like Cyg X-3 or Cyg X-1 . Binary
objects distinguished for having the peak of their spec-
tral energy distribution (SED) at 2 1 MeV are named
gamma-ray binaries (yBs, Bordas 2023).

Ten gamma-ray binaries, including LS 5039, have
been so far confirmed as sources of HE and/or VHE
~v-ray emission. Three of them have been confirmed
as radio pulsars: PSR B1259—63, PSR J2032+4127,
LS I +61 303. Evidences indicate that these sources are
young non-accreting neutron stars. In the other cases the
nature of the compact object is unknown. It is widely ac-
cepted that, even if no pulsations have been detected,
the phenomenological similitudes between the sources
strongly indicate a pulsar-powered scenario in most of
them (Dubus 2013, Paredes et al. 2019, Bordas 2023).
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Theoretically, the emission from Bs is produced at
the interface of the pulsar wind and the stellar wind from
the massive companion star, where particle acceleration
can reach high-efficiency levels. The inverse Compton
(IC) scattering of relativistic electrons and positrons off
seed photons that are provided by the companion star
(or photons produced in the circumstellar disk, if there
is one), is what generates the y-rays (see Dubus 2013 and
references therein).

LS 5039 was identified as a VHE source in 2005, firstly
as high-mass X-ray binary, from a cross-correlation of
unidentified ROSAT X-ray sources with OB star cat-
alogues. Paredes et al. (2000) noted that LS 5039
was within the 0.5° error box of the EGRET source
3EG 1824—1314, suggesting it as a possible y-ray source.

In order to model and understand the physical pro-
cesses of a binary system as LS 5039, as its behaviour
is dependent on its orbital phase, it is of strong impor-
tance to know and obtain all the possible information
about the orbital parameters. In this work, we report
the study, through the fitting of orbital solutions to ra-
dial velocities, of the evolution of the orbital period of
LS 5039 to see if there is any variation (hints have been
found at high energies, J. Casares private communica-
tion). In Sect. II we report the observational data and
the studies conducted to obtain the radial velocities. In
Sect. IIT the method used to fit the data in order to ob-
tain the orbital parameters is described. In Sect. IV we
discuss the analysis carried out to determine the orbital
parameters and their evolution, as well as the obtained
results. Motivated by recent advances in gravitational
wave research and future opportunities they provide, in
Sect. V we conduct a study to assess how the energy loss
through the emission of gravitational waves could impact
on the evolution of the orbital period. Finally, the con-
clusions of this work are presented in Sect. VI.
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TABLE I: Summary of the data used in this work

Epoch Telescope / Number of points ~ Reference
Observatory
1998-03 0.9 m CFT 54 McSwain et al.
KPNO (2001, 2004)
200203 2.5 m INT 197 Casares et al.
ORM (2005)
2005 1.9 m RT 28 J. Casares
SAAO (priv. comm.)
2007-09 2.5 m INT 199 J. Casares
ORM (priv. comm.)
2007-08 1.5 m SMARTS 50 Aragona et al.
CTIO (2009)
2010-11 20m LT 49 J. Casares
ORM (priv. comm.)
201822 2.5 m INT 62 J. Casares
ORM (priv. comm.)

II. OBSERVATIONAL DATA

The dataset used in this study comprises observational
data collected from multiple investigations conducted
spanning the period from 1998 to 2022. Each inves-
tigation obtained specific radial velocity measurements
within distinct time intervals. Comprehensive details re-
garding the corresponding epoch of observation periods,
the telescopes and observatories involved in the data ac-
quisition, the number of data points and the references
are presented in Table I.

The data obtained from J. Casares through private
communication, which were collected using the Isaac
Newton Telescope (INT) at the Observatorio del Roque
de Los Muchachos (ORM) and the 1.9 meters Rad-
cliffe Telescope (RT) at the South African Astronomi-
cal Observatory (SAAQO), were processed using the same
methodology as detailed in the work by Casares et al.
(2005). Similarly, the data acquired using the Liver-
pool Telescope (LT) from ORM were treated following
the same procedures outlined in Casares et al. (2012).
The data referenced in McSwain et al. (2001, 2004) were
collected using the 0.9 m Coudé Feed Telescope (CFT)
from the Kitt Peak National Observatory (KPNO), and
the data referenced in Aragona et al. (2009) was taken
with the 1.5 m SMARTS Telescope (SMARTS) from the
Cerro Tololo Inter-American Observatory (CTIO).

We show in Fig. 1 the radial velocities as a function of
time expressed in Heliocentric Julian Day minus 2450000
for better display (HJD—2450000). The analysis of this
work primarily focused on two distinct divisions. The
first division consisted of three blocks (separated by the
dashed grey vertical lines in Fig. 1), namely 1998-2003,
2005-2009, and 2010-2022, comprising 251, 240, and 111
data points, respectively. The second division includes
two blocks (separated by the dotted black vertical line

Treball de Fi de Grau

80 =
e 0.9m CFT 1998-2003
e 2.5m INT 2002-2003
e 1.9m RT 2005

2.5m INT 2007-2009

e 1.5m SMARTS 2007-2008
e 2.0m LT 2010-2011
e 2.5mINT 2018-2022

60

1
1
1
1
1
i
1 1
f 1 1
; 1
wn 1 1
.
€ 40/ -
~ 4 1
~ - 1 3 18
9 1 o 1%
= . R BEEEE . .
S :
8 20 3t | RN . H
2 IS IR A : :
= ¢ [ 4 [
g K] M T ]
© 1 l 3 1 $
2 07 . g 3: K &
RN b NP L S . {
. 1 . 1
s | 1 e H
1 K4
-20 PLole o .
1 [
T L T L T T T
2000 4000 6000 8000 10000

HJD - 2450000

FIG. 1: Radial velocities as a function of time for the different
data sets listed in Table I.

in Fig. 1), 1998-2005 and 2007-2022, with 279 and 283
data points, respectively.

III. RADIAL VELOCITY FITTING WITH SBOP

The radial velocity fits that are described in the follow-
ing sections were computed using the code Spectroscopy
Binary Orbit Program (SBOP, P. Etzel 2004). This code
allows the user to fit the radial velocity data to an eccen-
tric orbit model for a single-line solution or a double-line
solution. The following parameters can be fit: orbital
period (P ), epoch of periastron (Tp), argument of pe-
riastron (w) eccentricity (e), systemic velocity (vp) and
velocity semi-amplitude (K).

The SBOP program is run by giving different values
to the input parameters, and setting them as fixed or
variable. If the program is able to find a solution where
it fits the radial velocities with the given inputs, it re-
turns the parameters of the fitted solution and 1o un-
certainties. We used slightly different input parameters
and checked that the output parameters were always the
same. Therefore, all the fits were accepted as valid.

When fitting radial velocities, SBOP also gives the or-
bital phases for the input radial velocities and the theo-
retical curve corresponding to the fitted solution.

IV. RESULTS AND DISCUSSION

The best orbital solution currently known for the or-
bital parameters of LS 5039 is found in Casares et al.
(2005): Py, = 3.90603 £ 0.00017 day, e = 0.31 £ 0.04,
w=2264+8° vy =81+05kms ' and K =19.44+0.9
km s~!. Due to new data being added to the existing
records, we conducted a new analysis using SBOP to find
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FIG. 2: Radial velocities plotted as a function of the orbital
phase, and the optimal fit for the whole data set (1998-2022)
setting all the parameters as variable. Two cycles are shown
for better display.

the solution that best fitted the updated data set.

A. First analysis: all data points

The input parameters employed were sourced from
Casares et al. (2005) and were all set as variable. The
output parameters correspond to the new optimal or-
bital solution. SBOP returned an orbital period value of
P,ip, = 3.90599 + 0.00002 day, which is an order of mag-
nitude more precise than the previous orbital solution
from Casares et al. (2005). The other parameters corre-
sponding to this new orbital solution are: e = 0.35+0.03,
w=2434+5° vy =10.5+0.3 km s~ and K =20.0+0.6
km s~!, which are similar but more precise than the ones
previously known. We show in Fig. 2 the radial veloci-
ties of LS 5039 as a function of the orbital phase, and
the fitted solution to all data points. The output or-
bital parameters of this fit were then used as the input
parameters for SBOP in the following analyses (see Sub-
sect. IVB and Subsect. IV C).

In Table IT we show the epoch of the radial velocities
used and the corresponding returned orbital parameters
of all the analyses. A; corresponds to the analysis includ-
ing all data points and the new orbital solution. The un-
certainties are represented as the numbers in parentheses
next to the values, and correspond to the uncertainties
in the last quoted digit. The parameters without uncer-
tainties were set as fixed for the corresponding analyses.

B. Second analysis. Three blocks

The next step in the study of the data set was to split
it in different blocks, so that the evolution of the orbital
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TABLE II: Orbital solutions for the parameters

Block Epoch Porb To e w
(day) (HJD-—2450000) (°)
Ay 1998-2022 3.90599(2)  5400.11(4) 0.35(3) 243(5)
B:  1998-2003 3.90599(2) 5400.11 0.35 243
By 2005-2009 3.90608(7) 5400.11 0.35 243
Bz 20102022 3.90595(5) 5400.11 0.35 243
Chp  1998-2005 3.90600(3) 5400.11 0.35 243
C2 2007-2022 3.90597(4) 5400.11 0.35 243
Cs3 1998-2005 3.90599(3) 5400.11 0.38(3) 243
Cs 2007-2022 3.90597(4) 5400.11 0.32(3) 243
Cs 1998-2005 3.90607(20) 5400.07(12) 0.39(3) 231(6)
Cs 2007-2022 3.90597(4)  5400.21(5) 0.35(3) 256(6)

parameters could be detected by comparing the results
obtained from each block. For that, each block should
include enough data for the results to be significant, and
the epochs of observation included in each block should
be as similar in length as possible. Following this guide-
lines, we ended up with the divisions discussed in Sect. II.

Firstly, a three-block division was considered, in order
to have three orbital solutions to be compared and to see
if there was any evidence of a clear trend in the variation
of the orbital period. Taking into account the distribu-
tion of the data set (as seen in Fig. 1), the set was divided
in the three blocks By, Bs and Bjs detailed in Table 1II,
so that each subdivision had a similar number of data
values (see Sect. II).

The data of each block was then run through SBOP,
only leaving as variable the orbital period. The other
parameters were set as fixed, using the updated orbital
solution, as it is the best possible fit to the whole data
set and these parameters should remain nearly constant
over time. This way, the focus of the study was on the
evolution of the P,;,. As shown in Table II, the results
obtained show that the variations detected between the
By, By and Bj orbital periods are small, and they are
compatible within 2c-uncertainties. In Fig. 3 we show
the results for the fitted orbital period of each subset as
a function of time. No clear trend is seen in the figure.

C. Third analysis. Two blocks.

The following step taken in the study of the orbital pe-
riod evolution was to divide the data set into two blocks,
consisting of the data from 1998-2005 and 2007-2022.
These blocks contain a similar number of data points
(279 and 283, respectively), which allowed us to make
variations to the parameters having subsets large enough
for the results to be significant. These two subsets were
the same ones used in the following analyses, as shown
in Table II: C; and Cs, C3 and C4, C5 and Cg.

The first study done on these two blocks was similar
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FIG. 3: Orbital periods and 1o uncertainties fitted to each
subset of data plotted as a function of time.

to the previous one reported in Subsect. IV B. The two
subsets (Cy and C3) were run through SBOP leaving the
orbital period as the only variable parameter. The orbital
period was fitted to the two data subsets using the other
parameters as fixed, and when compared we could see
a very small decrease in the value of the orbital period
(Table II), compatible within lo-uncertainties (Fig. 3).

Having two blocks with enough data values in each
one enabled us to allow other parameters to be variable,
and see how not fixing them affected the evolution of the
orbital period. To do so, two more analyses were con-
ducted. The first one involved setting as variable param-
eters both the orbital period P, and the eccentricity e.
The obtained results are shown in Table IT as C3 and Cy.
We could observe how the eccentricity varied by fitting it
with smaller data sets and its difference between C3 and
Cjy. The orbital period, however, did not vary much from
previous results, obtaining similar values and uncertain-
ties to the ones obtained in C; and Cy (see Fig. 3).

The last analysis conducted involved the same two sub-
sets of data (in this case the results are presented in Ta-
ble IT as C5 and C), which were run through SBOP
setting as variable the orbital period P,,1, the epoch of
periastron Ty, the eccentricity e and the argument of pe-
riastron w. This allowed for greater variation and bigger
uncertainties for the parameters when fitting the orbital
solutions to the smaller subsets, but allowed us to see
the effects of this variability on the evolution of the or-
bital period. However, the results obtained for C5 and Cg
where similar to previous attempts, as only a slight de-
crease of Py, was observed within lo-uncertainties (see
Fig. 3). The other parameters had a greater variation but
always within uncertainties, which were slightly larger
than the ones obtained using the whole data set in A;.

We show in Fig. 4 the radial velocities plotted as a
function of time for the two subsets, alongside the fitted
solution for both C3, Cy and C5, Cg. The variation in the
fitted solution curve for the subsets is due to the different
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FIG. 4: Radial velocities plotted as a function of the orbital
phase, for the subsets C3 and C4 (top) and Cs and Cs (bot-
tom). Two cycles are shown for better display.

output values for the eccentricity of each subset of data,
because e was left variable in these analyses.

In addition to the aforementioned analyses, alterna-
tive approaches were explored but deemed irrelevant to
this work. We performed certain analyses excluding the
data points that exhibited high uncertainties. To achieve
this, we divided the data set into subsets based on the
observation epoch and the specific telescope employed.
Then, the mean uncertainty was computed for each sub-
set. Data points within a subset having an associated
uncertainty that surpassed a threshold of three times the
mean uncertainty for that subset were subsequently re-
moved. It is worth noting that only a few number of
data points were ultimately eliminated. After exclud-
ing measurements with substantial associated uncertain-
ties, the data sets were processed with SBOP following
the same methodology explained in Subsect. IV B. The
results were compared with the ones obtained in Sub-
sect. IV B, revealing no discernible discrepancies. This
outcome can be attributed to the fact that only a few
points where eliminated from the data set, suggesting
that treating the data set following this procedure had
no impact on the resulting outcomes, so this method was
discarded.

V. ORBITAL PERIOD EVOLUTION DUE TO
GW EMISSION

One of the physics phenomena that could lead to a de-
crease in the orbital period of the binary system LS 5039
is the energy loss due to the emission of gravitational
waves (GWs). We assessed the impact that this pro-
cess could have in our system by calculating the ratio of
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period decrease (Peters & Matthews 1963, Weisberg &
Taylor 2004), which according to general relativity (GR)
is given by:

5

1927rGe b\ 5 T3, 37,
( ) <+24 96 )

Prb_

q

(1 —e*) 2 mymy (my +ma)”

w\»a

(1)

The values inserted in Eq. 1 were Py, = 3.90599 day,
= 0.35, corresponding to the orbital period and the
eccentricity values from the updated orbital solution for
LS 5039, and m; = 1.4-2.5 Mg, me = 20-25 Mg which
are the masses of the compact object and the compan-
ion star, respectively. We used the range of masses for
both the compact object and the star (M. Rib6, priv.
comm.) to determine the limits of the ratio of orbital
period decrease. Inserting the values for P, e and the
mass ranges into Eq. 1, we obtained the following results:
PGR

orb,min —

P =

orb max

=-05x10""3 /s

~1.0x 107 s/s @
Using these ratios, we can compute the orbital period
variation that we would expect due to energy loss in the
form of emission of GWs throughout the observation time
interval. We used the values for the average time at which
the data points were collected for the subsets C3 and Cjy,
to determine the optimal time interval used to compute
the orbital period variation. We obtained a time interval
around 3099 days, and used the results from Eq. (2) to
obtain the decrease of the orbital period that we would
measure due to GWs emission:

A}Dorb,min =—-13x 1075 S
s 3)
A-Porb,rnax =-2.7x10

The computed decrease of the orbital period for the same
time interval, using the results obtained in C3 and Cj is:

APy, =—-3+6s (4)

Comparing the results from Eq. (3) and (4), it is shown
how the decrease in the orbital period due to energy lost
due to the emission of GWs is five orders of magnitude
less than the differences and uncertainties we computed.

VI. CONCLUSIONS

In this work we present a study of the orbital param-
eters of the LS 5039 binary system. We have fitted new
radial velocities of LS 5039 using the SBOP program and
obtained a new orbital solution. In particular, we have
found Py, = 3.90599 £ 0,00002 day, a result an order
of magnitude more precise than the previous orbital so-
lution from Casares et al. (2005). The other obtained
orbital parameters are e = 0.35 + 0,03, w = 243 + 5°,
vo =10.5+£0.3km s~ ! and K =20.0£0.6 km s~!'. With
these new orbital parameters we have studied the evolu-
tion of the orbital period over time. We have divided the
data into subsets following different criteria, analysing
each subset using SBOP and comparing the obtained re-
sults for the orbital parameters, revealing no significant
variation in the orbital period within the observed time
frame. We have also computed the theoretical impact
that the energy loss in the form of emission of gravita-
tional waves could have on the evolution of the orbital
period, concluding that it was too small to have a rele-
vant influence over the results.
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