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ABSTRACT. Based on 583 radial velocity (RV)
measurements we obtained at the Three College Ob-
servatory (TCO, North Carolina, USA) in 2015-2024,
(including 396 not previously analyzed from 2020-
2024) as well as on 236 RV data from the German
amateur R. Biicke (2011-2022), we calculated the
pulsation period and amplitude of the Cepheid Polaris
Aa system (o UMi). The analysis showed that the
pulsation period was stable within a few minutes in
2020-2024. During this time, the pulsation amplitude
was increasing and reached the 1960s level (4-6 km
s71), when its sharp decline began. Since its new
growth began after Polaris Ab, the system secondary
component, passed a periastron, we concluded that
the observed amplitude changes were due to its orbital
motion. It is clear that Polaris Aa is returning to
normal pulsating activity.

Key words: a UMi (Polaris Aa and Polaris Ab)
system: radial velocities; Polaris Aa pulsation period
and amplitude.

AHOTAIIIS. 3a JlecATUPIIHAT repiozn
cuocrepexkenb  cucremu  [loasipuol (v UMi) B
O6cepsaropii  tprox  Koseqpkis  (Three  College

Observatory, IliBuiuna Kaposina, CIIIA) 3 2015 no
2024 pokum Oyno orpuMaHO 583 OIHKH PaTiaJIbHOL
meuakocti (RV). Cepen mumx maemo 396 HOBHX,
paHille He TPOAHAJI30BAHUX OIIIHOK, OTPUMAaHUX

y mepion 2020-2024 pokis. Ileit mabip RV, pasom
3 gomaTtkoBuMu 236 OIiHKaM#, MO OyB OTpPUMAHIA
HimenbkuM amaTopom P. Bioke y mepiom 2011-2022
POKiB, CKJIaB BeJWKy 0a3y HJaHUX i PO3PAXYHKY
3Ha4YeHb MyJIbCAIliHOrO Tepiofy Ta aMIUITYIH
pamiaybaol mBuakocTi nedeinn Ilossgpraol Aa. dk
MOKAa3aB aHaJIi3, mepiof myJbcaril medeinn BUsBUBCs
JIOCUTh CTabITbHUM TPOTATOM KiJTbKOX XBUJIMH Y
2020-2024 pokax, ajie Oyau mesiKi MOMITHI 3MiHH
y 2015 Ta 2019 porkax. Xowa 3 2011 mo 2019 pik
aMILTITyma IyJabcaril Oyra HecTabiIbHOIO Ha piBHI
3-4 xm ¢!, ame 3 2020 poky BoHa modasa CTaGLIBLHO
3pocrarn i mocsrasa Bxke 4-6 kM ¢~ 1. Taki 3HadenHs
aMIUIITYIn criocTepiraauca y 60-X pokax MHHYJIOTO
cTOpivYs, Iepejl TUM, K IT0YaJIOCs 11 Pi3Ke 3HUKEHHSI.
OCKiJIbKHY 11 HOBE 3POCTaHHsI [T0YAJIOCS TICJIsl TOTO, sIK
BTOpUHHUI KoMIoHeHT cucremu [lojsipua Ab mpo-
#IoB mepuactp opbiTH, TO MW ALK JI0 BUCHOBKY,
IO IIi CIIOCTEPEXKYBaHI 3MIHM aMILITY/IM ITYJIbCAITIT
FOJIOBHOI'O KOMIIOHEHTa Oy 1oB’si3ani 3 opbiTa-
JIBHUM pPYXOM BTOPHHHOrO KOMIOHeHTa. llijmkom
3pPO3yMLJIO, IO TAKUM YUHOM IIEPBUHHUI KOMIIOHEHT
cucremu IlonsipHa Aa moBepraeThes JI0 HOPMaJbHOI
nedeinHol MyJIbCYI0Y0l aKTUBHOCTI, sika Oyjia Maiizke
60 pokiB moTomy.

Kurouosi caoBa: o« UMi: Polaris Aa i Polaris Ab;
pajianbHi mBHaKocTi; mepion mysbcarnil Polaris Aa;
aMILIITY/Ia.
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1. Introduction

In our previous paper (Usenko et al. 2020), we used
187 measurements of the Polaris radial velocity (RV),
obtained between September 2015 and April 2020 at
the TCO observatory, together with a number of ob-
servations from Anderson (2019), to study variations
of the pulsation period and amplitude of the Cepheid
Polaris Aa. In fact, all these 351 measurements turned
out to be a unique set of data (excluding amateur ob-
servations) taken between 2011 and 2020. This time
interval is interesting and important as it covers a frag-
ment of the orbit of the Polaris Ab companion that
contains passages through periastron and ascending
node. Analysis of the RV data showed that the average
pulsation period in 2015-2020 demonstrates a certain
stability, and the amplitude of Polaris Aa pulsations
demonstrates very strong changes showing an increase
to HJD 2457350 followed by a decrease, which began
even before the periastron passage. As can be seen in
Fig. 7 from Usenko et al. (2020) and Fig. 7 from
Torres (2023), the pulsation amplitude changes over
these 9 years followed a sinusoidal curve, which gave
a reason to make a forecast of the future decrease of
the amplitude beyond 2020. These amplitude changes
were explained by the influence of the orbital motion of
the secondary component, Polaris Ab. Such amplitude
changes suggested further careful observations of the
Polaris system RVs.

However Torres (2023) added RV measurements
from low-resolution spectra obtained by the German
amateur Roland Biicke in 2011-2022. It is noticeable
In Fig.7 from his paper that the pulsation amplitude
between Spring 2020 and Spring 2023 suddenly in-
creased by =~ 0.75 kms~!, which is the opposite to our
predictions. To test this important fact, we decided
to use data from our observations carried out at TCO
from July 2020 to April 2024. Additionally, our new
RV measurements can be used for refining the orbit of
Polaris Ab.

2. Observations and development of spectra

We use 396 spectra in the current data set: 74
were taken in July-December 2020, 106 in January-
December 2021, 50 in January—May 2022, 24 in
September—November 2022, 14 in January—May 2022,
87 in July—December 2023, and 41 in January—April
2024. All the observations were obtained with the
0.81m telescope of the Three College Observatory
(TCO) in North Carolina. This telescope is equipped
with an échelle spectrograph manufactured by Shelyak
Instruments '. The instrument operates in a spectral

Lhttp://www.shelyak.com

range from 3850 to 7900 A with a spectral resolving
power of R =~ 12,000 and no gaps the between 31 spec-
tral orders. The average S/N ratio in the continuum
was 150-200, while most spectral lines used in our anal-
ysis were taken from the range 49006800 A. The data
were reduced with the échelle package in IRAF. Addi-
tionally, we use 236 spectra provided to us by Roland
Biicke, who used a 0.2m and a 0.45 m telescopes and a
self-built long-slit spectrograph (R = 3,500) in 2011
20222. Some results of the latter program were pub-
lished in Biicke (2021).

To measure the RVs, cross-correlation was used in
the wavelength ranges of 50455388 A of the TCO
spectra and 60356425 A of the Biicke spectra. Since
the total number of derived RV (396 and 236) does not
allow for their publication here, they will be published
separately.

3. Pulsation, amplitudes and orbital period
analysis

In our previous studies, the spectral line positions
were measured using the DECH 30 software package®
by matching original and mirrored profiles for over 100
lines. Typical RV measurement errors with this proce-
dure were 1.0-1.8 kms™'. In this study we used the
IRAF package rvsao to calculate RVs from continuum-
normalized several spectral orders connected together
with removal the order parts, which have the low-
est signal-to-noise ratios (edges). The relative RVs
were calculated with cross-correlation with respect to
the spectrum, which was taken chronologically first
(2013/07/28 in the TCO data and 2011/02/21 in
Biicke’s data).

TCO spectra were taken in 10-20 individual 10-20
second-long exposures and summed up, while Biicke’s
spectra consisted of 4-6 individual 4-5 minute-long ex-
posures. Typical RV measurement errors were 0.05—
0.10 kms~! for the TCO data and 0.4-0.5 kms~—! for
Bicke’s data.

The measurement results were then grouped into
yearly (TCO) or 2/3-year (Biicke) data sets that are
larger than in our previous studies. The data sets were
analyzed using a python code that calculates best si-
nusoidal fits to the data as well as uncertainties of the
fit parameters (semi-amplitude, period, mean RV, and
zero-point of the pulsation phase). The fitting proce-
dure was implemented using the Monte Carlo method
on Markov chains which produces many subsamples of
each fitting parameter and allows deriving their most
probable value and statistical uncertainty (Foreman-
Mackey et al. 2013). The fitting results are shown in
Tables 1 and 2, while examples of the fits are shown in
Figs.1 and 2.

2https://www.astro.buecke.de
3http://gazinur.com/DECH-software.html
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Table 1: Pulsational periods and amplitudes of Polaris Aa in 2015-2024. TCO data.

Year HJD N Rej Period o Ampl o
2400000+ days days kms™' kms!

2015 57283-57376 20 1 3.9781 0.0014 3.42 0.08
2016 57623-57744 36 0 3.9659  0.0062 3.96 0.14
2017  57772-58109 37 3 3.9713  0.0023 3.70 0.06
2018  58120-58479 46 3 3.9711  0.0004 4.04 0.04
2019 58489-58837 28 2 3.9802 0.0036 3.84 0.20
2020 58907-59213 44 1 3.9713  0.0012 3.76 0.04
2021  59219-59575 124 3 3.9750  0.0005 4.34 0.16
2022  59583-59892 76 0 3.9721  0.0004 4.27 0.08
2023  59950-60310 97 0 3.9713  0.0005 5.02 0.04
2024 60314-60416 44 0 3.9715  0.0009 4.24 0.02

N — number of RV measurements, Rej — number of data points rejected from fitting, Period — pulsation period,
Ampl — pulsation amplitude, o — standard deviation of the corresponding parameter from the best-fit

Table 2: Pulsational periods and amplitudes of Polaris Aa in 2011-2022. Biicke data.

Year HJD N Rej Period o Ampl o
2400000+ days days kms™' kms™!
2011/02-2014/05 55624-56780 43 0 3.9734  0.0004 3.72 0.11
2014/08-2016/09 56895-57639 44 0 3.9722  0.0004 4.25 0.02
2016/09-2017/09 57657-58001 41 0 3.9720 0.0016 3.28 0.39
2017/10-2019/04 58033-58595 45 0 3.9717  0.0009 3.49 0.45
2019/07-2022/12  58688-59905 63 0 3.9730  0.0003 4.02 0.03
Column information is the same as in Table 1
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Figure 1: RVs measured from the 2024 TCO data and
the best fitting sinusoidal approximation.

The data sets analysis shows that the pulsation
period of Polaris Aa was stable within 4.7 minutes
(3.97334+0.0033 days), while the amplitude has been
rising from ~3.5 kms~! to ~3.5 kms~! in 2011-2024.
The average period is very close to that derived by
Torres (2023), but a slight decrease predicted in this
paper (see Fig.6 there) is not obvious given the mea-
surement uncertainties. The amplitude increase is con-

Figure 2: RVs measured from the 2019-2022 Biicke’s
data and the best fitting sinusoidal approximation.

sistent with the data shown in Fig. 9 from Torres (2023)
and Fig.4 from Biicke (2021). Our results are shown
in Fig. 3.

Another result from our current study is the
extension of the Polaris Aa/Ab binary orbit to the
middle of 2024 (see Fig.4). The relative TCO and
Biicke’s RVs were shifted to the heliocentric values
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Figure 3: Variations of the pulsational amplitude (top
panel) and period (bottom panel) of Polaris Aa. Sym-
bols: black circles — TCO data, red circles — Biicke’s
data.

from Anderson (2019) and compared to the orbital
solution derived by Usenko et al. (2020) and Torres
(2023). The comparison shows the RVs obtained after
the last maximum achieved in 2017 decline faster than
predicted. Since this orbital cycle is getting better and
more accurately covered, it is important to continue
monitoring the system to further improve the orbit
and thus the system physical parameters.

5. Conclusions

The 583 RV observations obtained at TCO dur-
ing the last ten years along with 164 RV data points
published by Anderson (2019) and 236 ones obtained
by Biicke (overall 983 measurements) covered a frag-
ment of the Polaris Ab orbit, which contained passages
through a periastron and an ascending node led us to
the following conclusions.

1. The mean pulsational period during last four years
has been stable within several minutes.

2. As mentioned earlier, the pulsation amplitude of
Polaris Aa shows strong changes, which contain a
growth before JD 2457350 with a subsequent de-
cline. This decline has begun before the periastron
passage, but the amplitude began increasing since
2021.

3. Our prediction (Usenko et al. 2020) that the pul-
sation amplitude would decrease after 2020 was
wrong probably due to a different method of the
data analysis. Apparently, after Polaris Ab passed
the last periastron, the pulsation amplitude of the
Polaris Aa Cepheid returns back to the pre-1960’s
level of 4 to 6 kms~! (see Fig. 7 from Torres 2023).
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Figure 4: Updated orbit of the Polaros Aa/Ab binary
system. Black circles represent data from Anderson
(2019), blue circles show Biicke’s data, and red circles
show TCO data. Black solid line shows the orbital
solution derived by Torres (2023), while the violet solid
line shows the solution from Usenko et al. (2020).

4. Thus, we can assume that Polaris Aa is returning
to the normal pulsating life of Cepheids. Therefore
further Polaris Aa RV observations are essential
during next coming years.

5. Orbital motion of Polaris Ab most likely influ-
ences the Polaris Aa pulsational amplitude.
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