86

Odesa Astronomical Publications, vol. 38 (2025)

https://doi.org/10.18524/1810-4215.2025.38.343164

SPECTROSCOPIC STUDY OF THE
POST-AGB BINARY HR 4049

Sh. T. Nurmakhametova!, N. L. Vaidman!2, A. S. Miroshnichenko!??3,
A. T. Agishev!, A. A. Khokhlov?

1 Al-Farabi Kazakh National University, Al-Farabi Ave, 71, 050040,
Almaty, Kazakhstan, shahidanurmahametova@gmail.com; aldiyar.agishev@gmail.com;

kh.azamat92 @gmail.com

2 Fesenkov Astrophysical Institute, Observatory 23, 050020,
Almaty, Kazakhstan, nvaldmann@gmail.com
3 Department of Physics and Astronomy, University of North Carolina at Greensboro,

Greensboro, USA, a_ mirosh@uncg.edu

ABSTRACT. We present a new spectroscopic study
of HR 4049, a post-AGB star in a binary system,
based on échelle spectra obtained between 2019/03/19
and 2025/04/08 with the 0.81 m telescope of the
Three College Observatory (North Carolina, USA)
at a resolution of R =~ 12,000. A cross-correlation
analysis of 83 spectra in the 4760-4780 A range
yielded the following orbital parameters: period
P = 428.47 £+ 0.01 days, eccentricity e = 0.29 4 0.01,
argument of periastron w = 242.3° + 0.3°, epoch of
periastron Ty = 2,458,383.2 £ 0.6, systemic radial ve-
locity v = —30.12 £ 0.09 kms~!, and semi-amplitude
K, = 1552 +£ 0.13 kms~!. Using the Gaia DR3
parallax (d = 13977178 pc) and the average maximum
brightness (m, = 5.35 mag), the luminosity was esti-
mated as log(L/Lg) = 4.22 4+ 0.12, consistent with an
initial mass of 3-4 M. The mass function combined
with likely orbital inclinations implies current masses
of ~ 0.75 Mg, for the primary and 0.70-0.82 My for
the secondary. These results confirm the long-term or-
bital stability of HR 4049 and provide new constraints
on the properties of post-AGB binaries.

Keywords: spectroscopy; binary stars; emission-line
stars; post-AGB stars; circumstellar matter.

AHOTAIIIA. Mu [IPE/ICTABJISIEMO HOBE
cuekTpockoniune gociaikenas HR 4049, 3opi mi-
cigs AGB y mousiitaiit cucremi, Ha ocHoBi échelle-
crekTpiB, orpumanux y 2019/03/19 — 2025/04,/08 pp.
3a  JIONIOMOror  Tejieckorra  Jiamerpom  0.81 ™M
O6cepsaropii Tpoox Konemxis (IliBuiuna Kapousina,
CIIIA) 3 posainbhoio 3xarnicrio R ~ 12 000. Kpoc-
KOpeJsstifiumit anami3z 83 crekTpiB y miamazoni 4760—
4780 A 103BOIMB BU3HAUNTH OPOITAIBHI IAPAMETDH:
mepiox P = 428,47 4+ 0,01 no6u, eKCIIeHTPpUCUTET € =
0,29 + 0,01, apryMeHT

nepiactpa w = 242.3° 4+ 0.3°, emoxa mnepiacTpa
To = 2,/458,383.2 £ 0.6, cmcreMHa INBUJIKICTD
v = =30.12 £ 0.09 kmc™! Ta maniBammiTyIA
K, = 1552 £ 0.13 xmc L. Bukopucrosytoun
napamakc Gaia DR3 (d = 13971175) ta cepemmio
MAKCUMAJIbHY 30psHy Beaumuuny (m, = 5,35 mag),
ceitHicTe orjneno sk log(L/Lg) = 4,22 £ 0,12,
mo BigmnoBifae nouarkosiit maci 3—4 Mg. Macosa
bYHKITiS y TOETHAHHI 3 BIPOTiTHIMU HaXUIaMu OpOITH
BKa3ye Ha cy4acHi macu ~ 0.75 Mg nns nepBUHHOI
komnonentu Ta 0,70-0,82 Mg nna  BTOPHHHOIL.
Orpumani pe3yabTaTh MiITBEPIKYIOTH JTOBIOTPUBAJLY
opbitagpuy crabinpaicts HR 4049 Ta BcTaHOBIIOIOTH
HOB1 oOMezkeHHd Ha BaacTusocTi nocr-AGB nmoasiiinmx
CHUCTEM.

Kitr04oBi ciioBa: criekTpockoriisi; moaBiitHi 30pi; 30pi
3 eMiciftaumu irisivu; 30pi micast AGB ; HaBkoJi030psi-
Ha PEYOBUHA.

1. Introduction

Post-AGB stars are an intermediate evolutionary
stage of low— and intermediate-mass stars (~ 0.8
8 Mg) after the Asymptotic Giant Branch (AGB)
phase and before becoming Planetary Nebulae (PN).
At this stage, the star has lost most of its outer enve-
lope due to strong stellar winds, leaving behind a hot
core surrounded by an expanding circumstellar shell of
gas and dust.

This phase is very short in astrophysical terms (103~
10° years) which makes post-AGB stars rare. Their
luminosities are typically around 103-10* L), with ef-
fective temperatures (Teg) ranging from about 3000 K
to over 100,000 K as they evolve towards higher tem-
peratures (Miller Bertolami 2016).



Odesa Astronomical Publications, vol. 38 (2025)

87

One of the most remarkable post-AGB objects is
HR 4049 (HD 89353, AG Ant), a spectroscopic binary
in Antlia. Its high Teg &~ 7500 K (Bakker et al. 1998),
complicates abundance work because metal lines are
weak. HR 4049 shows an extreme iron underabun-
dance, [Fe/H|]= —4.8dex (Van Winckel et al. 1995),
together with a strong infrared excess and a UV deficit
attributable to dust from past mass loss (Andrews,
Lépine 2013). Selective depletion is common among
post-AGB binaries with circumbinary disks; HR 4049
is among the most extreme cases. As a result, its opti-
cal spectrum contains very few measurable metal lines.

Spectroscopic monitoring revealed radial velocity
(RV) variations with a 429-430 day period (Bakker et
al. 1998), confirming its binarity with a faint compan-
ion (Andrews, Lépine 2013). The companion is likely
an M-type main-sequence star with Teg ~ 3500 K,
R ~ 0.6R¢ and the compact orbit has asini ~ 0.6 AU
(Bakker et al. 1998).

The system also hosts a stable circumbinary disk
with a bright ring (Andrych et al. 2023). The double-
peaked Ha profile follows the orbital phase, suggesting
accretion activity (Gorlova et al. 2012), while star—disk
interactions may cause severe photospheric depletion of
volatile elements (Oomen et al. 2019).

The aim of this study was to refine the orbital
parameters of HR 4049 using new RV data and test
for possible long-term changes. We recalculated P,
v, w, e, K, and Tp, thereby improving constraints on
the orbital architecture and fundamental properties of
this post-AGB binary.

2. Observations, Data Reduction and Analy-
sis

We obtained 83 spectra of HR 4049 between
2019/03/19 and 2025/04,/08 with the 0.81 m telescope
at the Three College Observatory (North Carolina,
USA), equipped with an échelle spectrograph manufac-
tured by Shelyak Instruments ! and an ATIK-460EX
detector. The setup provides R ~ 12,000 over 3800-
7900 A, with S/N ratios in the continuum up to ~300
for typical combined exposure times of ~1 hour in the
4500-5500 A range. Wavelength calibration using 800-
1000 ThAr lines yields an RV precision of ~300 ms™*.
Spectra were reduced with standard IRAF échelle rou-
tines (bias subtraction, flat-fielding, optimal extrac-
tion, and continuum normalization).

To achieve the main objectives of this study, we ap-
plied several complementary methods. To measure RV
values, we applied the cross-correlation method imple-
mented in the IRAF/RVSAO 2.0 package, using one
high-S/N spectrum as a template and focusing on the
C I multiplet in the 4760-4780 A region.

Thttps://shelyak.com

Periodogram analysis of the RV data was then per-
formed with the Lomb—Scargle (LS) algorithm (Scar-
gle 1982), which is well suited for unevenly sampled
observations and allowed us to identify the dominant
periodicity of the system.

Subsequently, we modeled the RV curve with our
Python pipeline (NumPy, Pandas, Matplotlib, SciPy)
and performed Bayesian inference using the affine-
invariant ensemble sampler emcee (Foreman-Mackey
et al. 2013). The RV4+MCMC code is documented in
Vaidman et al. (2025) and has already been applied
in Nurmakhametova et al. (2025) and in Vaidman et
al. (2025); we follow the same workflow here to obtain
the most probable orbital elements—period, systemic
velocity, semi-amplitude, eccentricity, and argument
of periastron—with robust uncertainties.

3. Results

In the 4760-4780 A region, the spectra of HR 4049
clearly show the neutral-carbon multiplet (top panel of
Fig. 1). HR 4049 is strongly depleted in refractory ele-
ments, so its optical spectrum contains comparatively
few clean metal lines; many wavelength ranges are ei-
ther line—poor or affected by blends and circumstellar
features. The chosen window, however, contains sev-
eral relatively strong, well-isolated CT lines with sta-
ble, symmetric profiles and minimal telluric contamina-
tion. The phase-resolved cross—correlation map (bot-
tom panel of Fig. 1) demonstrates coherent Doppler
shifts of these lines with orbital phase, confirming that
this set is well suited to precise RV measurements and
a subsequent orbital analysis.
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Spectrum of HR 4049 in the
Bottom panel: Phase-resolved

Figure 1: Top panel:
4760-4780A region.
cross-correlation map.

Table 1 compares the orbital parameters of HR 4049
obtained in this work with previous studies. Our anal-
ysis confirms the overall consistency of the system’s
orbital characteristics with earlier results, while pro-
viding an improved precision. Small differences in sys-
temic velocity are most likely related to the choice of
template spectrum and reference frame. The refined
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parameters strengthen the evidence for the long-term
stability of the binary system.

Table 1: Comparison of orbital parameters.

Bakker et Oomen et This work
al. (1998) al. (2019)
P 430.7 £ 0.3 430.6 £ 0.1 428.47+0.01
Ty 46746.6£2.4 47176.6+3.8 58383.2+0.6
e 0.30 £0.01 0.30 £0.01 0.29 +£0.01
w 237.2+2.3 236.5 £ 3.5 242.3 £0.3
v —-32.1+£0.1 —-31.9+£0.2 —-30.1+0.1*
K; 1596+£0.19 16.6 £0.2 15.52 £ 0.13
f(m) 0.16 £ 0.01 0.18+£0.01 0.15+0.01
N 60 86 83
Notes. (1) Orbital period (days); (2) periastron epoch for the

elliptical orbit and time of superior conjunction (at v RV) for
the circular orbit (HJD -2,400,000); (3) eccentricity; (4) argu-
ment of periastron (degrees); (5) systemic RV (km s~1); (6)
semi-amplitude of the RV variations of the visible component
(kms~1); (7) mass function (Mg); (8) number of spectra used
in the orbit calculation.

* The value is obtained from the RV template, with the sys-
temic velocity determined relative to the template spectrum and

reported in the heliocentric frame.

To determine the orbital period from our irregularly
sampled velocities, we computed LS periodogram as a
first-order approach. For improved accuracy, we also
included archival spectra from Bakker et al. (1998),
which complement our recent observations and help to
extend the temporal baseline of RV measurements. As
shown in Fig. 2, the resulting LS spectrum displays a
dominant peak at P = 428.47 d. We therefore adopt
this period as the starting point for the orbital analy-
sis. With P fixed at this value, we then fit a Keplerian
model with free parameters K, e, w, Ty, and the sys-
temic velocity 7, ensuring a consistent solution across
all available datasets.
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Figure 2: Lomb-Scargle periodogram. The red dot

marks the global maximum at P = 428.47 +0.01d.

Fig. 3 compares this model to the RV time series.
The fit reproduces both the amplitudes and the ev-

ident asymmetry of the RV curve, indicating a non-
zero eccentricity. In this workflow, the LS periodogram
serves to identify the fundamental timescale under un-
even sampling, while the subsequent Keplerian fit ac-
counts for the non-sinusoidal shape of eccentric orbits
and yields physically interpretable parameters.
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Figure 3: Radial velocities as a function of time, plot-
ted as JD —2,450,000 (black points with 1o error bars),
together with the best-fitting Keplerian model (red
curve).

To illustrate the coherence of the solution, Fig. 4
shows the phase-folded velocities at the same period
together with the best-fitting Keplerian model. The
residuals, normalized by their formal uncertainties,
scatter symmetrically about zero with no visible struc-
ture, supporting the adequacy of the single-orbit de-
scription and the robustness of the adopted period.
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Figure 4: Radial velocity variations of HR 4049 as a
function of orbital phase. Top panel: Black points
show the observed heliocentric RVs; the red curve
represents the best-fitting Keplerian model. Bottom
panel: Normalised residuals (O — C)/o; the orange
dashed line marks zero. The plot shows all N = 83
measurements; the eccentric Keplerian fit yields a re-
duced x?2 = 1.69.

We estimated the luminosity of HR 4049 at its maxi-
mum optical brightness using the observed visual mag-
nitude my = 5.35 mag (Waelkens et al. 1991; Rufener
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& Bartholdi 1982; Lake 1965). For the distance, we
adopted the Gaia DR3 value d = 13977178 pc as de-
termined by Bailer-Jones et al. (2021, Vizier cata-
logue 1/352), providing a reliable geometric basis for
our estimates. To convert the apparent magnitude to
bolometric luminosity, we applied a bolometric correc-
tion of BCy = 0.02, appropriate for an effective tem-
perature of Teg = 7500 K according to the calibration
of Pecaut & Mamajek (2013).

Assuming a modest interstellar reddening of
E(B-V) < 0.07, we obtained log(L/Ls) = 4.13,
whereas adopting a slightly higher color excess of
E(B-V) =0.20 yields log(L/Lg) = 4.30 (Green et al.
2019). These values define the plausible luminosity
range, and for the subsequent discussion we adopt the
mean estimate log(L/Lg) = 4.22 £ 0.12, which agrees,
within the quoted uncertainties, with previous deter-
minations reported by Oudmaijer et al. (2022).

When placed on the Hertzsprung—Russell (HR) dia-
gram (Fig. 5), HR 4049 occupies a position along the
post—AGB evolutionary tracks corresponding to pro-
genitors of approximately 3-4 Mg. This location is
consistent with the phase of nearly constant luminos-
ity and gradually increasing effective temperature that
characterizes the final stages of post—~AGB evolution,
supporting the classification of HR 4049 as a well-
advanced post—AGB object.
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Figure 5: HR diagram of post-AGB tracks for initial
masses 1-4 Mg at Z = 0.02 (Miller Bertolami 2016).
The color bar shows the present stellar (core) mass.
The black symbol marks HR 4049.

The mass function derived from our orbital solution
(Table 1) provides a valuable quantitative constraint
on the possible masses of both stellar components and
thus serves as an important diagnostic of the system’s
nature. For representative orbital inclinations in the
range ¢ = 60°-75° (Dominik et al. 2003; Oomen et al.
2018), the resulting mass of the primary component is
estimated as M; ~ 0.75 M, a value that agrees very
well with theoretical expectations for evolved post—
AGB remnants. In particular, according to the post—
AGB evolutionary calculations of Blocker (1995), stars

with initial main-sequence masses between 3 —5 Mg
are expected to leave the AGB phase with core masses
in the range 0.605—0.889 M. The mass we infer for
the primary thus falls comfortably within this theo-
retical interval, further strengthening the internal con-
sistency and physical plausibility of our orbital solu-
tion. The inferred My ~ 0.70-0.82 M, is difficult to
reconcile with a late-M dwarf; this range is more con-
sistent with either an early-K main-sequence star or a
compact white dwarf. The corresponding mass of the
unseen secondary component therefore remains com-
patible with both possibilities. It should be empha-
sized that this range is still strongly dependent on the
adopted inclination, and the steep sensitivity of Ms to
i clearly illustrates how delicate and model-dependent
mass determinations can be for single-lined spectro-
scopic binaries with unresolved companions (Fig. 6).

Figure 6: Mass of the secondary component M, as a
function of the orbital inclination 7. The solid blue
line shows the best-fit solution for the mass function
f(M) = 0.15, with the shaded region representing the
uncertainty (+0.01). The dashed horizontal line marks
the assumed primary mass M; = 0.75 4+ 0.05 Mg. Red
dashed vertical lines highlight the solutions at i = 60°
and i = 75°.

4. Conclusions

We carried out a spectroscopic analysis of the post-
AGB binary HR 4049 using 83 échelle spectra obtained
between 2019 and 2025. The RV measurements of
the C I multiplet lines allowed us to refine the orbital
parameters, which are consistent with previous deter-
minations but now have improved precision. Placing
HR 4049 on the HR diagram confirms that it follows
post-AGB evolutionary tracks for progenitors of 3-4
M®, while the derived mass function constrains the
present-day component masses to ~0.75 M® for the
primary and 0.70-0.82 Mg for the secondary. These
results confirm the system’s long-term orbital stability
and provide important constraints for understanding
post-AGB binaries with circumbinary disks.

Despite this progress, several open problems remain.
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The origin of the extreme iron deficiency in HR 4049
is still unclear and likely linked to complex depletion
and re-accretion processes in the circumbinary en-
vironment. Moreover, as HR 4049 is in a rare and
short-lived evolutionary phase, a follow-up spectro-
scopic and photometric monitoring will be essential
to trace its variability, chemical composition, and
dynamical evolution. Future monitoring of HR 4049
will be crucial for tracing possible secular variations
in orbital and spectral properties.
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