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Abstract

Context. Binary Cepheids play an important role in the investigation of the calibration of the classical Cepheid period-luminosity relationship. Therefore, a thorough study of individual Cepheids belonging to binary systems is necessary.

Aims. Our aim is to determine the orbit of the binary system V1344 Aql using newly observed and earlier published spectroscopic and photometric data.

Methods. We collected new radial velocity observations using medium resolution (R ≈ 11 000 and R ⪅ 20 000) spectrographs, and we updated the pulsation period of the Cepheid based on available photometric observations using an O − C diagram. Separating the pulsational and orbital radial velocity variations for each observational season (year), we determined the orbital solution for the system using χ2 minimisation.

Results. The updated pulsation period of the Cepheid estimated for the epoch of HJD 2458955.83 is 7.476826 days. We determined orbital elements for the first time in the literature. The orbital period of the system is about 34.6 yr, with an eccentricity of e = 0.22.
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⋆ Reduced spectra are available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/680/A89



1. Introduction
The study of classical Cepheids (hereafter Cepheids) in binary (or multiple) systems plays an important role in the calibration of their well-known period-luminosity relationship (Evans 1992; Breuval et al. 2020; Karczmarek et al. 2023). Unrevealed companion stars contribute to both the colour and the brightness of the Cepheid (Szabados et al. 2013), falsifying the relationship (Szabados & Klagyivik 2012; Gaia Collaboration 2017). Additionally, the constantly growing number of binary Cepheids with known orbital elements can improve constraints on stellar evolution modelling (Neilson et al. 2015; Moe & Di Stefano 2017; Karczmarek et al. 2022).
The minimum orbital period of a binary system with a supergiant Cepheid is approximately one year (Evans et al. 2013; Szabados et al. 2013; Neilson et al. 2015). Shorter periods could be observed for Cepheids crossing the instability strip for the first time. Such a system is found by Pilecki et al. (2022) in the Large Magellanic Cloud, with an orbital period of 59 days. Short orbital period binary systems with a Cepheid component are not only important because of evolutionary studies, but also to test possible binary interactions and the birth of Cepheids through non-canonical evolution. Long-term radial velocity (RV) monitoring is necessary to identify Cepheids in a binary system with decades-long orbits and to have a more comprehensive picture of the fraction of binary Cepheids in different types of galaxies at a given metallicity.
Szabados & Nehéz (2012) studied the binarity of Cepheids in the Magellanic Clouds and presented a list of known binaries in both the Large and Small Magellanic Clouds with 17 and 15 pairs of stars, respectively. They concluded that the lack of known binaries is due to missing observational data and suggested more follow-up RV measurements. Kervella et al. (2019) searched for binaries among Galactic Cepheids and RR Lyrae-type variables showing proper motion anomaly using HIPPARCOS and Gaia DR2 data. They found that the binary fraction of classical Cepheids might exceed 80%, while Evans et al. (2015) estimated it to be around 29% based on stars with an orbital period below 40 yr (and even lower for longer period systems, see their Table 7). This outstanding growth in the estimated binary fraction of binary Cepheids emphasises the need for more RV observations in order to determine orbital properties. The online database of Galactic binary Cepheids1 (Szabados 2003) currently contains 171 Cepheids (including five systems awaiting confirmation), 30 of which have known orbital elements.
Szabados et al. (2014) discovered the binary nature of V1344 Aql and suggested a relatively short, decades-long orbital period. However, the available RV data were insufficient to determine the period or other orbital parameters for the system. Here, we update the pulsation period and present new RV data for the binary Cepheid V1344 Aql and determine an orbital solution for the system. In Sect. 2, we describe the updated pulsation period for the Cepheid. In Sect. 3, we show our new RV data and the method of the orbit determination, respectively. We discuss our results in Sect. 4.
2. Updated pulsation period
To derive the pulsation period valid at the time of observations, we updated the O − C diagram presented in Csörnyei et al. (2022). This O − C diagram showed a slow period increase in the time interval of 1975–2019. However, due to the large scatter among the O − C values and the relatively short temporal coverage of the diagram, the period change rate could only be established with large uncertainties (Ṗ = 2.002 × 10−4 ± 2.334 × 10−4 d/(100 yr); Csörnyei et al. 2022). To update this value, we included more recent V-band observations from the Kamogata-Kiso-Kyoto Wide-field Survey (KWS; Morokuma et al. 2014). This includes about 200 additional data points in the time frame of 2019–2023 to the previous data set, extending the coverage of the O − C diagram by four years. Similarly, as in Csörnyei et al. (2022), the O − C values were estimated for the median brightness value on the rising branch, following the reasoning described in Derekas et al. (2012). For the individual O − C values, the data sets were split into 350-day-long bins, and these were fitted separately, while their uncertainties were estimated via bootstrapping. For the calculation of the epoch of median brightness (Tmed, measured in HJD), the following elements were used:
[image: thumbnail](1)
Figure 1 shows the obtained O − C diagram. The data shown in the plot are presented in Table A.1. The final data set utilised for deriving the O − C values included observations from Arellano Ferro (1984), the All-Sky Automated Survey (ASAS, Pojmanski 2001), Berdnikov (2008), Eggen (1985), Fernie & Garrison (1981), the Integral Optical Monitoring Camera (IOMC, Winkler et al. 2003), Kovacs & Szabados (1979), the KWS (Morokuma et al. 2014), and Szabados (1991). To account for evolutionary changes and calculate the period values relevant to the times of the spectral observations, we fitted a parabolic trend to the diagram. Given the extremely small scale of the period change and the relatively large scatter of points, we performed this fitting in a Bayesian framework accounting for the potentially underestimated errors and outliers following Hogg et al. (2010). Based on the fit, following the methodology of Sterken (2005), the change in the pulsation period for V1344 Aql is
[image: thumbnail](2)
	[image: thumbnail]	Fig. 1. Updated O − C diagram of V1344 Aql. The blue curve shows the best parabolic fit we obtained. The black error bars show the uncertainties as estimated by the Csörnyei et al. (2022) pipeline, while the red ones show the inflated errors according to the Hogg et al. (2010) definition. In the inset, the plotted point size refers to the corresponding uncertainty.



The estimated period change rate is ∼10% higher than the Csörnyei et al. (2022) results, however, they are perfectly consistent within uncertainties. This estimate was used to infer the pulsation period at the chosen reference epoch in Eq. (1). According to the earlier analysis by Csörnyei et al. (2022), the pulsation period of V1344 Aql at the above reference epoch was estimated as P = 7.476713 ± 0.000004 days, compared to which the new value is 0.002% longer. The offset between the previous and new period estimates is due to the more advanced treatment of uncertainties and the scatter among the data through the Bayesian fitting. Owing to the high fitting uncertainties, as was pointed out by Szabados et al. (2014) as well, it is not possible to reliably separate the light-time effect caused by the orbital motion from the general scatter of the O − C points. This issue might be remedied by the future publication of the complete Harvard photometric plates archive (Grindlay et al. 2012), which will allow for the construction of a century-long O − C diagram along with a more precise view of the period changes.
3. New radial velocity data and orbit determination
Additionally to the data set presented in the discovery paper on spectroscopic binarity of V1344 Aql by Szabados et al. (2014), new RV data were collected using the 0.5 m RC telescope of ELTE Gothard Astrophysical Observatory, Szombathely and the 1 m RCC telescope of Piszkéstető Mountain Station of the Konkoly Observatory of the Research Centre for Astronomy and Earth Sciences. The spectra were taken with two different fibre-fed echelle spectrographs both installed on optical telescopes: the eShel system of the French Shelyak Instruments (Thizy 2011, R ≈ 11 000), used on both telescopes before 2014; and the spectrograph made by Astronomical Consultants & Equipment (ACE), with a resolution of R ⪅ 20 000 and mounted at the 1 m RCC telescope since 2014. The exposure times were between 600 s and 1200 s depending on weather conditions, seeing, and the telescope used. Th-Ar calibration spectra were taken before and after each observed target star in all cases. The data reduction was done using the same method as described in Szabados et al. (2014), that is, by applying standard tasks in IRAF2 including bias, dark and flat-field corrections, aperture extraction, wavelength calibration, and continuum normalisation. The consistency of the wavelength calibrations was checked using RV standard star observations, which proved the stability of the systems. The individual RV values were calculated using the cross-correlation technique with synthetic spectra from the Munari et al. (2005) library with resolution R = 11 500, and effective temperature Teff = 6000 K. We performed the calculations using the FXCOR task of IRAF in the wavelength range between 490 and 650 nm, excluding the wavelength range between 588 and 590 nm and 627 and 629 nm. Thus we did not include Balmer lines, NaD, and telluric regions in the cross-correlation. To calculate barycentric Julian dates and velocity corrections, the BARCOR code of Hrudková (2006) was used for the mid-exposure times of the observations.
The RV curves were calculated using the period and epoch given in Sect. 2. In order to achieve the best consistency, we refolded our previously published data (Szabados et al. 2014) to a phase curve using the new period. The folded phase curves are shown in Fig. 2, while the new RV values along with their uncertainties (calculated by fitting a parabola around the maximum value of the cross-correlation function) are listed in Table 1. We used the RV observations from 2012 to construct a template curve for determination of the γ velocity (velocity of the mass centre) of the Cepheid. We fitted a third-order Fourier-polynomial to the data, the γ velocities were then calculated for each observing season (year) and are presented in Table 2. Since we used the period determined for 2020, no phase shift was necessary to fit the template curves and calculate the γ velocities for each season. The template curves shown in Fig. 2 represent the γ-velocity variation of the system, which was done by shifting the curve vertically from 2012 with the appropriate γ velocities given in Table 2.
	[image: thumbnail]	Fig. 2. Our RV data and the template curves for each year based on the fit to the data from 2012. The template curves are shifted vertically according to the γ velocities given in Table 2.



Table 1. 
New RV data for V1344 Aql.

Table 2. 
γ velocities for V1344 Aql.

Our new RV data allowed us to determine the orbital solution for the system. The fitting process was performed in two steps: first the grid search method (Bevington & Robinson 2003) was applied using larger step sizes on a wider parameter space to find the location of the lowest χ2 values. This method limited the location of the global minimum of the fit. In the second step the gradient search method (Bevington & Robinson 2003) with χ2 minimisation was applied with varying step sizes to further restrict the orbital solution. The uncertainties of the fitted parameters were estimated using the bootstrap method (Efron & Tibshirani 1986) by calculating one thousand orbits with the gradient search method. Finally, the standard deviation of the one thousand solutions is given as the uncertainty for each parameter. Our orbital solution is given in Table 3 and shown in Fig. 3. We found that the orbital period of the system is approximately 34.6 yr with an orbital eccentricity of 0.22.
	[image: thumbnail]	Fig. 3. Orbital solution with parameters given in Table 3. Our data are marked with red triangles, while black dots represent the earlier literature data (see Table 2).



Table 3. 
New orbital parameters for V1344 Aql.

4. Discussion and conclusions
Using our new RV data and updated pulsation period, we were able to determine the orbital solution for the binary Cepheid V1344 Aql. We constructed an updated O − C diagram based on the most recent observations to derive the recent pulsation period of the Cepheid.
Since the temporal coverage of the observations does not allow us to separate the tiny light-time effect from the scatter of the O − C values, we only used RV observations for the orbit determination. A larger number of RV observations per observing season gives a lower uncertainty in the γ velocities; however, a lower number of RV data covering the minimum and maximum phase are also useful for orbit determination. This can be seen in comparing our observations from 2020 and 2014: the four data points from 2020 include points close to the minimum and maximum velocity, and thus the γ-velocity has a much lower uncertainty compared to that of 2014, where the two data points do not cover these phases. The template curve fitting for 2014 still gives a γ velocity that can be used for the orbit determination, although resulting in a larger uncertainty.
The maximum orbital velocity is close to the γ velocity derived from our 2020 RV data, which has a huge impact on constraining the orbital solution. We examined the possibility of a period approximately half the length of the one given in Table 3, which could not be excluded without our latest data point. However, the χ2 value of this solution (including our latest point) was about 90 higher compared to the longer period orbit without matching the maximum velocity phase; thus, we excluded this solution as a possible fit. The orbital period of the system is approximately 34.6 yr with a relatively small eccentricity of 0.22. This confirms the finding of Szabados et al. (2014), suggesting a decades-long orbit for the system. RV and photometric observations in the forthcoming years will be crucial to disentangling and taking into account the light-time effect of the system and determining more accurate orbital elements.


1 Available at https://konkoly.hu/CEP/intro.html.


2 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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Appendix A:  O − C data
Table. A.1 shows the median V-band O − C values obtained for V1344 Aql. The underlying data are identical to those analysed in Csörnyei et al. (2022), except for the most recent KWS observations.
Table A.1. 
Obtained O − C values along with the source data references.
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      Table 1. 

      New RV data for V1344 Aql.

      
        


	BJD
	vrad (km s−1)
	err (km s−1)





	2456909.3875
	−7.6
	0.3



	2456918.4673
	−3.0
	0.7



	2457241.4049
	4.6
	0.2



	2457242.3617
	8.3
	3.1



	2457243.4088
	3.7
	0.2



	2457244.3442
	−4.7
	0.1



	2457245.3936
	−6.8
	0.2



	2457246.3873
	−4.1
	1.0



	2457247.3684
	−1.4
	1.5



	2457248.3865
	1.7
	0.1



	2457249.3502
	6.5
	0.3



	2459029.4833
	13.8
	0.3



	2459031.5060
	0.4
	0.2



	2459028.4748
	10.4
	0.3



	2459054.4271
	−1.7
	0.1



	2459379.4656
	8.3
	0.5



	2459383.5193
	−2.0
	0.2



	2459384.5282
	−0.5
	0.3



	2459385.5068
	2.9
	0.8



	2459386.5316
	5.4
	0.5



	2459388.5049
	12.9
	0.2



	2459389.4808
	6.5
	0.3



	2459411.3869
	10.9
	0.3



	2459413.4216
	−2.9
	0.2



	2460107.4857
	2.6
	0.4



	2460108.4864
	−3.9
	0.5



	2460109.4707
	−3.6
	0.1



	2460110.4768
	−0.5
	0.2





      

    

  
    
      Table 2. 

      γ velocities for V1344 Aql.

      
        


	Mid-BJD
	vγ (km s−1)
	N
	Source





	2444449
	−2.5 ± 0.5
	24
	1



	2444832
	+0.3 ± 0.5
	8
	2



	2456113
	−6.21 ± 0.02
	22
	3



	2456523
	−4.65 ± 0.03
	16
	3



	2456914
	−2.91 ± 0.19
	2
	3



	2457245
	−1.16 ± 0.07
	9
	3



	2459041
	+4.45 ± 0.11
	4
	3



	2459393
	+3.57 ± 0.09
	9
	3



	2460109
	+1.15 ± 0.13
	4
	3





      

      
Notes. N marks the number of RV data points.

References. (1) Balona (1981); (2) Arellano Ferro (1984); (3) present paper.
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      Table 3. 

      New orbital parameters for V1344 Aql.

      
        


	Orbital element
	Value





	a sin i (106 km)
	1450 ± 16



	e
	0.22 ± 0.09



	ω (rad)
	0.08 ± 0.08



	T0 (BJD)
	2459025 ± 43



	Porb (days)
	12649 ± 42



	v0 (km s−1)
	−6.1 ± 0.06



	K (km s−1)
	8.55 ± 0.22



	f(m) (M⊙)
	0.76 ± 0.02





      

      
Notes. The solution is drawn as a continuous line in Fig. 3.



    

  
    
      Table A.1. 

      Obtained O − C values along with the source data references.

      
        


	HJD
	Epoch
	O − Cmed
	O − Cerr
	Reference





	2442290.2052
	−2229.0
	0.226
	0.068
	1



	2442663.7960
	−2179.0
	−0.025
	0.271
	1



	2443016.8960
	−2132.0
	1.664
	0.030
	2



	2443284.5110
	−2096.0
	0.114
	0.081
	1



	2443673.2077
	−2044.0
	0.015
	0.084
	1



	2443958.8890
	−2006.0
	1.577
	0.030
	2



	2444017.2203
	−1998.0
	0.094
	0.056
	1



	2444482.3010
	−1936.0
	1.611
	0.030
	2



	2444495.5779
	−1934.0
	−0.065
	0.126
	3



	2444518.1365
	−1931.0
	0.063
	0.030
	4



	2444781.4300
	−1896.0
	1.667
	0.030
	2



	2444788.8710
	−1895.0
	1.631
	0.030
	2



	2444854.6011
	−1886.0
	0.070
	0.022
	3



	2445145.9497
	−1847.0
	−0.177
	0.175
	4



	2444428.2985
	−1943.0
	−0.053
	0.041
	5



	2448495.7383
	−1399.0
	−0.007
	0.024
	6



	2448854.6619
	−1351.0
	0.029
	0.021
	6



	2449520.2433
	−1262.0
	0.173
	0.038
	6



	2449931.3028
	−1207.0
	0.007
	0.031
	6



	2450305.1143
	−1157.0
	−0.023
	0.015
	6



	2451247.1728
	−1031.0
	−0.045
	0.022
	6



	2451621.1321
	−981.0
	0.073
	0.021
	6



	2452181.4378
	−906.0
	−0.383
	0.147
	7



	2452353.8345
	−883.0
	0.047
	0.027
	6



	2452525.7775
	−860.0
	0.023
	0.013
	7



	2452869.7095
	−814.0
	0.021
	0.012
	7



	2453071.5898
	−787.0
	0.027
	0.011
	8



	2453266.0061
	−761.0
	0.046
	0.018
	7



	2453475.2214
	−733.0
	−0.090
	0.017
	8



	2453609.9357
	−715.0
	0.041
	0.013
	7



	2454170.6954
	−640.0
	0.039
	0.018
	7



	2454215.5582
	−634.0
	0.041
	0.008
	8



	2454544.4862
	−590.0
	−0.012
	0.013
	7



	2454716.4797
	−567.0
	0.015
	0.007
	8



	2454918.4603
	−540.0
	0.121
	0.046
	7



	2455105.2383
	−515.0
	−0.021
	0.020
	8



	2455665.8685
	−440.0
	−0.153
	0.036
	9



	2456039.7613
	−390.0
	−0.102
	0.034
	9



	2456421.1034
	−339.0
	−0.078
	0.041
	9



	2456765.1552
	−293.0
	0.040
	0.029
	9



	2457146.3993
	−242.0
	−0.034
	0.016
	9



	2457490.3746
	−196.0
	0.007
	0.018
	9



	2457856.7392
	−147.0
	0.007
	0.016
	9



	2458230.5185
	−97.0
	−0.055
	0.023
	9



	2458604.2897
	−47.0
	−0.125
	0.029
	9



	2458955.8253
	0.0
	0.000
	0.016
	9



	2459411.7998
	61.0
	−0.112
	0.055
	9



	2459755.8012
	107.0
	−0.045
	0.074
	9





      

      
The O − C values and their errors are measured in days. (1) Kovacs & Szabados (1979); (2) Szabados (1991); (3) Arellano Ferro (1984); (4) Eggen (1985); (5) Fernie & Garrison (1981); (6) Berdnikov (2008); (7) ASAS, Pojmanski (2001); (8) IOMC, Winkler et al. (2003); (9) KWS, Morokuma et al. (2014).
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