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ABSTRACT

Context. The lack of RR Lyr stars in binary systems is an atypical fact when we consider other classes of variables. Therefore, it has
become a challenge for observers to detect an RR Lyr variable in a binary system.

Aims. The RR Lyr variable KIC 2831097 was one of the most promising candidates. The phases of maximum brightness in the Kepler
photometry showed a regular variation superimposed on a parabolic trend. These variations in the times of maximum brightness
(Tmaxs) were interpreted as a possible light-time travel effect (LTTE) in a wide binary and a fast evolutionary change in the period.
Methods. We planned two spectroscopic runs with the FIES instrument mounted at the Nordic Optical Telescope to test the hypothesis
of binarity. The observations were programmed at the predicted quadratures of the orbit, when the two mean radial velocities are
expected to differ by about 100 kms~!. The GEOS collaboration complemented the spectroscopic survey by a photometric one. We
also analysed Gaia time series and intensive TESS photometry.

Results. The radial velocity curves obtained at the quadratures show the same mean radial velocity (-203 kms™"), which rules the
possibility of an LTTE out. The constant mean radial velocity, the [Fe/H] content determined from ground-based CCD observations,
and the astrometric parameters supplied by Gaia allow us to infer that KIC 2831097 is a single high-velocity metal-poor RRc star
belonging to the Galactic halo. We revisited Kepler photometry and detected a weak Blazhko effect consisting of an oscillation of
only 1.1% of the period in about 50 d. We also analysed the TESS photometry of Kepler-1601, whose photometry is contaminated by
KIC 2831097. We collected 116 Ty,.«8, from the ground-based campaign, 103 Ty,,s from TESS, and 4 T,,.xs from Gaia. In total, we
have 3624 T,.s. Linear ephemerides cannot fit the whole dataset, but only parts of them. The period shows a tendency to decrease in
value, as if it were an evolutionary effect, but not at a constant rate.

Conclusions. The spectroscopic and photometric campaigns performed in the framework of a professional-amateur project failed
to confirm that KIC 2831097 belongs to a binary system: the chase remains open. As an RR Lyr variable, KIC 2831097 shows an
intriguing evolution of the period.
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stars: distances

1. Introduction

While binary systems are widely used to understand the physi-
cal mechanisms of many classes of variable stars and to fix their
masses and luminosities, no binary system is known in which
one of the components is an RR Lyr variable. Searching for such
a system is not only a mere observational exercise. Our knowl-
edge on the masses of RR Lyr stars is based on evolutionary and
pulsation models. A direct measure is still lacking. The detection
of RR Lyr stars that are tied in binary systems might provide
accurate masses that might be compared to dynamical, pulsa-
tion, and evolutionary masses, and consequently that might ver-
ify the hypotheses and assumptions of the theoretical models,

* Corresponding author: ennio.poretti@inaf.it

for instance, to constrain the transition phase from the red giant
branch to the horizontal branch and the late evolution of solar-
mass stars.

Unfortunately, the detection of orbital motions in the data
of RR Lyr stars is a very hard hunt and results have proved
elusive. Because these variables are intrinsically faint, they are
mainly observed with photometry. Times of maximum bright-
ness (Tmaxs) are continuously obtained to study evolutionary
changes in the period (Le Borgne et al. 2007). Observed minus
calculated (O—C) values can also be scrutinised to show the light-
time travel effect (LTTE) that arises from the displacement of the
RR Lyr star on its orbit and the consequent change in its distance
from the observer. Many of the candidate RR Lyr stars in binaries
were proposed by studying the O-C plots (Liska et al. 2016a).
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TU UMa is an interesting case (Wade et al. 1999), but an addi-
tional long-term monitoring is necessary to unambiguously con-
firm the suspected 20 y period (Liska et al. 2016b). The case of
OGLE-BLG-RRLYR-02792 was more promising: eclipses were
observed to be superimposed on an RR Lyr-like light curve. The
star turned out to be overluminous, however, and it was identi-
fied as a binary evolution pulsator (BEP; Pietrzynski et al. 2012;
Karczmarek et al. 2017). The search for binary RR Lyr in the
OGLE-III Galactic bulge data using the O-C method led to a
final sample of 12 firm binary candidates (Hajdu et al. 2015),
while a search in the entire Optical Gravitational Lensing Exper-
iment (OGLE) database extended the sample to 87 candidates
(Hajdu et al. 2021). No candidate has an orbital period shorter
than 1000 d, and the expected radial velocity amplitude is very
small. Therefore, no candidates have been confirmed spectro-
scopically.

Systematic spectroscopic surveys are rare because the RR
Lyr stars are faint, which places the targets beyond the limit
of many spectrographs. A recent comparison of new and litera-
ture systemic (or centre—of—mass) radial velocities of 19 RR Lyr
stars once more highlighted the intriguing case of TU UMa and
suggested three new candidates, SS Leo, ST Leo, and AO Peg
(Barnes et al. 2021). Moreover, radial velocity folded curves are
needed to show the changes in the systemic velocity caused by
the orbital motion, and this implies that each target must be fol-
lowed for several nights. This type of very time-consuming sur-
vey has just started, and several candidates have been proposed,
but no clear case has been found so far (Guggenberger et al.
2016).

The proper motion (PM) values provided by Hipparcos
and Gaia allowed the investigation of PM anomalies to verify
whether they can be ascribed to binarity (Kervella et al. 2019a).
Moreover, stars with a common PM might also be members
of wide gravitationally bound systems (Kervella et al. 2019b).
The examination of the 24 RR Lyr variables among the 2143
stars with PM anomalies or common PM did not provide any
sure case, but a sample of nine candidates. As a byproduct of
this investigation, possible slow-phase changes were found in
the Blazhko star ST Pic, which might be compatible with an
LTTE (Abdollahi et al. 2025). We recall that the Blazhko effect
is a periodic or quasi-periodic variation in the amplitude and/or
phase of the light curve. It was discovered by Sergey Blazko and
Lidiya Petrovna Tseraskaya in 1907 (Blazko 1907).

Sylla et al. (2024) proposed a method for separating the
Blazhko effect from LTTE or any other cause (e.g. secular period
changes or binarity) and applied it to the oscillating O-C values
of V1109 Cas. No firm conclusion about binarity was reached,
but the possibility of a LTTE remains.

2. The case of KIC 2831097

The Kepler field includes many RR Lyr variables, both already
known objects and new discoveries (Benkd et al. 2010). The
almost continuous light curve over 4 years supplies a testbed
for the analysis of the O-C values in search for cyclic patterns
caused by the LTTE.

KIC 2831097 has been proposed as a very promising can-
didate (Sddor et al. 2017). It is a first-overtone RR Lyr variable
(RRc in the nomenclature of variable stars) with a period P =
0.337 d and a light amplitude AK, = 0.40 mag. A small ampli-
tude mode has also been detected, with a period of 0.231 d.
The period ratio of 0.613 makes KIC 2831097 a member of
the RRg 6 group, which is composed of more than 1000 stars
(Netzel 2023). This period ratio is caused by harmonics of
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non-radial modes of degree £ = 8 or 9 (Dziembowski 2016).
Additional peaks have also been found in the frequency range
1.5-2.5 d7'. They are probably non-radial modes, but the funda-
mental radial mode might be among them (Fig. 5 in Sédor et al.
2017). This richness of excited modes is common in RR Lyr
variables (e.g. Poretti et al. 2010).

KIC 2831097 also shows a long-term irregular modulation
of about 47 d that resembles the Blazhko effect (Le Borgne et al.
2012). The O-C curve was interpreted as the sum of two super-
imposed effects: a linear decrease in the pulsation period, resem-
bling those observed in many RR Lyr variables (Le Borgne et al.
2007), and a well-defined periodicity of 753 d with a full ampli-
tude of 0.04 d (i.e. 58 min).

This periodicity seemed a well-established fact because it
was followed for almost two full cycles and repeated itself reg-
ularly: it strongly indicated an LTTE. As an intriguing conse-
quence, the O-C amplitude implies a mass of 8 My and then
places the hypothetical companion among black hole candidates
(Sédor et al. 2017). The scenario with a black hole was also pro-
posed for MACHO* J050918.712-695015.31, another RRc¢ star
with a possible LTTE effect, but it was considered to be not very
probable due to high mass of about 60 M, (Derekas et al. 2004).
The case of KIC 2831097 appears to be much more promising.

We considered the spectroscopic verification of the LTTE
more appropriate and decisive than the photometric verification
because the light variability is highly complex. In order to min-
imise the telescope-time investment, we selected the observa-
tion epochs that corresponded to the maximum approaching and
receding velocities, i.e. the quadratures of the orbit, as derived
from the O-C curve. By monitoring a few pulsation cycles, we
were able to measure the systemic velocities at these two epochs.
Since the O-C curve has a full amplitude of 0.04 d, the light
time to cover the orbital radius is 0.02 d = 1728 s. At the
speed of light, this corresponds to 0.52 - 10° km. By assuming
Prrre = 753 d and a circular orbit (as suggested by the sine-
shaped O—C curve), the orbital velocity is 50.2 km s~!'. With
opposite signs at the quadratures, the difference between the two
systemic velocities is expected to be 100.4 km s~!.

This has to be compared to the expected amplitude of the
radial velocity (RV) curve that is due to pulsation. The simi-
lar RRc variable CM Leo (P =0.362 d) shows a light ampli-
tude of 0.50 mag in the V band and a RV amplitude of
26.55km s~! (Di Fabrizio et al. 2002). Therefore, two RV curves
of KIC 2831097 obtained at the quadratures should span two
largely disjoint ranges. The additional modes and the Blazhko
periodicity have a much weaker effect than the suspected LTTE
on the O-C values (Fig. 2 in Sédor et al. 2017). Therefore, they
should not be able to significantly change the difference between
the two systemic velocities.

3. Observations and data analysis

KIC 2831097 was observed with the Fibre-fed Echelle Spectro-
graph (FIES), the cross-dispersed spectrograph mounted on the
2.56-m Nordic Optical Telescope (NOT) of the Roque de los
Muchachos Observatory in La Palma, covering the wavelength
range of 3700-8300 A (Telting et al. 2014). Because the target
is faint and the expected RV amplitude is large, the spectra were
taken with the lowest available resolving power (R = 25 000).
Observations of the first quadrature were performed on three
nights from August 3 to 5, 2017 (14, 15, and 12 spectra, respec-
tively) and those of the second quadrature on three nights from
June 1 to 3, 2018 (13, 13, and 7, respectively).
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Table 1. Parameters of the least-squares fits of the RV, measurements.

August 2017 June 2018 All data
Term Freq. Ampl.  Phase Ampl.  Phase Ampl.  Phase
[d~] [kms™'] [0,2x] [kms™!'] [0,27] [kms™'] [0,27]
f 2.652986 19.63 2.56 18.08 2.33 18.86 2.53
+0.000010 +0.67 +0.04 +0.77  +0.04 +0.52  +0.03
2f 3.93 3.10 3.45 2.48 3.87 2.93
+0.67 +0.18 +0.77 +0.22 +0.52  +0.13
3f 1.86 4.02 291 3.64 222 4.05
+0.67 +0.36 +0.77 +0.26 +0.52 +0.23
4f 1.42 5.03 0.58 6.14 0.86 5.22
+0.67 +0.48 +0.77  £1.29 +0.52  +0.60
Ty [HID] 2457957.5151 2458271.1159 2457957.5151
RV, [kms™'] -203.22+0.48 -203.91 + 0.55 -203.47+0.37
Residual r.m.s. [kms™!] 2.99 2.94 3.08
N 41 33 74
The exposure time was set to 1800 sec, and the spectra were | . T T T
taken continuously throughout the night, in an airmass interval August 2017
ranging from 1.02 to 2.5. The computed signal-to-noise ratio - exdwl .
(S/N) around H, ranged from 7.5 to 12.1 (median value 9.92) -0 ¢ W1 ! .j
in 2017 and from 8.2 to 12.8 (median value 10.71) in 2018. The RSO AT
FIES Exposure Time Calculator yielded S/N = 13 as an expected T "
value for an airmass of 1.3. The agreement is fine because we _ 240 - | : I ' | ]
took the spectra over a wide airmass range and we have to con- Ta Junelam 8 ' '
sider the magnitude variability, not just the observing conditions. E [+ T
We performed the RV extractions for each spectrum in real = _200F ™ o ‘e -
time at the telescope by using simple Image Reduction and Anal- = e, twr e, tes
ysis Facility (IRAF) functions. The H, was the only clear line 2 et * e’
visible in the spectra. At the end of the two observing runs, we 3 240 | | | -
re-analysed the spectra and tried different methods to improve I T T
the results, but failed to measure any other helpful spectral . All data o
line. This fact is not due only to the low S/N, but mainly to "‘-.? S i
the metal-poor content of KIC 2831097. The use of the least- RO Y .,-..-' - & &
squares deconvolution (LSD) technique (Donati et al. 1997) by "".'..:-__- -’ ""..'.. MR g
using masks for metal-poor stars failed to show the mean profile. 240 | : : i
Therefore, we can deliver RVs computed by fitting a Gaussian to c:o c:s 1| 5

the H,, line alone (RV,) with error bars of +2.0 kms~!.

4. The non-verification of the LTTE

The two runs at the NOT allowed us to answer the question about
the possible LTTE by simply folding the RV measurements with
the pulsation period. Table 1 reports the parameters of the least-
squares fits obtained with the formula

4
RVo(8) = RVoo + D Aicos2if (i = T,) + ¢, (1

where f is the pulsation frequency 1/P, Ty = HID 2457845.5655,
and RV, g is the average velocity of the H, line.

The 41 RV, measurements obtained at the first quadra-
ture yield a mean velocity RV,o; = —203.22 + 0.48kms™!.
The 33 RV, measurements obtained at the second quadrature
yield RV, = —203.91 = 0.55km s~! (Table 1). The two
mean velocities are coincident within the error bars, and the
O-C variations can therefore not be ascribed to an LTTE. We
recall that the LTTE, if real, should have had a full amplitude

Phase = (HID - 2457845.5655)/0.376934

Fig. 1. RV measurements of KIC 2831097 folded with the pulsation
period. Top panel: measurements taken at the first quadrature in 2017.
Middle panel: measurements taken at the second quadrature in 2018.
Bottom panel: all measurements.

of 102 kms~!. The non-significant difference between the two
mean RV, strongly suggests that KIC 2831097 is a single star.

Figure 1 shows the folded RV, curves. The Doppler varia-
tion is clearly discernible, even though we used H, alone and
the low-resolution mode. Not only the two mean RV,, are coin-
cident, but the RV points of the two runs are almost perfectly
superimposed. These two facts suggest a very weak effect of
the additional modes. The only difference appears in the stand-
still observed at the maximum approaching velocity, which cor-
responds to the start of the expansion after the full contrac-
tion of the pulsating star. This standstill is covered better in the
2018 data than in those from 2017, and consequently the Fourier
parameters are slightly different (Table 1).
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Table 2. Participants in the photometric campaign on KIC 2831097.

Observer/ Observatory Telescope Camera Filters Data points
PI/Manager and/or location

M. Audejean Chinon (France) 320 mm, /6.0 KAF1603 V,R 123,262
M. Correa Sirius B, Freixinet (Spain) Meade 12MC, 300 mm, f/5.8 Moravian G2 1600 B,V R 225,542,415
E. Denoux Caussade (France) LX200ED, 280 mm, /6.3 SBIG ST-2000 XM  B,V,R 564,1799,287
N. Esseiva Amathay Vésigneux (France) C11 280 mm, £/10.0 CCD kaf 1603 ME B.G 109,119
J. Fainé SPAICEL, Sabadell (Spain) Newton 200 mm, /4.0 ATIK 414 EX \ 322

F. Fumagalli Carona (Switzerland) 300 mm, /5.0 Moravian G2 1600 V,R 962,106
J.F. Le Borgne Calern (France) Tarot 250 mm, £/3.0 Andor DW436S clean 828

J.E. Le Borgne OHP (France) IRiS 500 mm,f/8.0 FLI Proline 4240 g.r 385,385
J.F. Le Borgne Marseille (France) 254mm, /4.0 Apogee Alta FO000 R 2116

R. Naves Montcabrer, Cabrils (Spain) LX200ACF, 305mm, /9.0 Moravian G4 9000 \'% 42

A. Sédor Konkoly Obs., Mt. Piszkésteté (Hungary) Schmidt 600/900/1800 mm FLI ProLine PL16801 clean 2521

5. The photometric monitoring

The spectroscopic observations ruled out the LTTE as a cause
of the O-C variations of KIC 2831097. This still postponed
the discovery of the first RR Lyr in a binary system. To
search for a different cause, we planned new ground-based
photometric observations and analysed data collected by the
Kepler (Borucki et al. 2010), Gaia (Gaia Collaboration 2016),
and TESS (Ricker et al. 2015) spacecrafts.

5.1. Kepler

Kepler monitored KIC 2831097 almost continuously from June
20, 2009, to May 8, 2013, thus allowing the detection of strong
phase variations (Sédor et al. 2017). These variations were mea-
sured over 30-d sections of the light curve. In order to deter-
mine individual Ty,.«s, we slightly modified the approach to the
data by fitting the nine harmonics of the pulsation frequency to
intervals of 3 d. This interval ensured a good coverage of the
pulsation cycle, despite the long-cadence mode (29.4 min time
resolution) and allowed us to determine 3391 Tp.xS, spanning
1419 d.
The resulting linear ephemeris is

Tmax = HID  2455002.5555 +0.37704947 -E
+0.0009 +0.00000043

(standard deviation s.d. = 0.027 d). This ephemeris allowed us
to evaluate the change in the period in the JD 2455002-2456420
interval (Fig. 2, top panel). Except for a small offset in the ini-
tial epoch, the shape of the O-C plot is almost identical to the
previous one (Fig. 2 in Sédor et al. 2017), where the continuous
change in the O-C values was fitted as the sum of an evolutionary
decreasing period and an orbital solution with a period of 753 d.

Because the spectroscopic campaign ruled out the binary
hypothesis, we firstly fitted the whole 1419 d long O-C curve
with a cubic spline (Fig. 2, red line in the top panel) and then
plotted the residual O-Cs (Fig. 2, middle panel). The initial and
final Ty,axs are not plotted because we know that the fit with a
cubic spline is poor at the extrema.

The residual O-Cs show some interesting features. Rapid
fluctuations are clearly visible, especially in the 2455200-
2455500 time interval, but they seem to be variable in shape,
time, and amplitude. Moreover, there are also slow fluctuations,
as in the 2456000-2456300 time interval. The frequency analy-
sis of the residual O-Cs clearly illustrates the different regimes
(Fig. 2, bottom panel): the group of peaks below 0.01 d~! are due

@)
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Fig. 2. O-C plots of the individual maxima observed by Kepler in 2009-
13. Top panel: O-Cs from the linear ephemeris fitted by cubic splines
(in red). Middle panel: residual O-Cs from the spline fit. Bottom panel:
power spectrum of the residual O-Cs.

to the slow oscillations, the double peak at 0.0187 and 0.0205 d!
(53.4 and 48.7 d, respectively) is due to the Blazhko effect. As
it happens when a signal is not constant in phase and/or ampli-
tude, the peak in the power spectrum is split into two or more
components.

Our O-C analysis confirms the irregular nature of the
Blazhko period detected from the frequency analysis of the
Kepler time series (=47 d, Sodor et al. 2017). We can also
infer that the Blazhko effect shows a peak-to-peak amplitude of
0.004 d (Fig. 2, middle panel), corresponding to only 1.1% of
the pulsation period.

5.2. Ground-based CCD observations

The Groupe Européen d’Observations Stellaires (GEOS) collab-
oration ensured a follow-up photometric coverage (Table 2) to
obtain new Tp,s during the spectroscopic observations. The
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Fig. 3. Light curves of KIC 2831097 obtained in 2017 and 2018, folded with the pulsation period. The ticks on the y-axis are separated by 0.20
mag. In each panel, the initials of the observer or the instrument name are given together with the filter.

campaign included telescopes located in professional astronom-
ical observatories (OCA, OHP, and Konkoly) and in private
observatories managed by well-equipped amateurs astronomers.
Thus, the collaboration resulted in a very fruitful Professionals-
Amateurs project.

The main goal of the simultaneous campaign was to certify
that in the case of binarity KIC 2831097 followed the O-C peri-
odicity that was due to the LTTE. Figure 3 shows the light curves
obtained in the framework of the project. The mean amplitudes
are 0.60 mag in B light, 0.48 mag in V light, and 0.40 mag in R
light. The standstill before the maximum brightness appears to
be more pronounced in B light than in R light.

The Fourier decomposition of the four V light curves with-
out gaps (ED, MC, MA, and FF) yields values of ¢3; = ¢3 — 3¢,
in the 4.67-4.98 range, with a mean value ¢3; = 4.78 + 0.14.
With a period of 0.377 d, KIC 2831097 might be a long-period
RRc star (first-overtone pulsators) or a short-period RRab star
(fundamental-mode pulsators). The ¢3; value clearly and unam-
biguously places it on the RRc sequence (see Fig. 5 in Poretti
2001). The mean ¢3; = 4.78 +0.14 value also allowed us to esti-
mate the metallicity by using the well-known P-[Fe/H]-¢3; rela-
tion for RRc stars (Eq. (4) in Nemec et al. 2013). We obtained
[Fe/H]= —1.15 = 0.38 dex.

To complete the description of KIC 2831097 as an RRc
variable, we note that the RV,, amplitude of 37 kms~! trans-
lates into an amplitude of the metallic lines RV,,=28 kms™!
(Table 11 in Sneden et al. 2017). The RV,, and V full amplitudes
of KIC 2831097 (28 kms~! and 0.48 mag) agree very well with

the linear relation valid for RRc stars in the Galactic field and
globular clusters (Fig. 8 in Sneden et al. 2017).

All the measurements taken in 2017 and in 2018 can be
folded with the same period (Fig. 3), and the 111 Ty,xS can be
satisfied by the linear ephemeris (s.d.=0.0065 d)

T, = HID 24578455655 +0.37693375 -E ;
£0.0012  +0.00000139 G)

that is only valid in the JD 2457845-2460820 interval.

On the other hand, the measurements taken in 2016 at the
Piszkéstetd Station of the Konkoly Observatory are completely
off-phase. These measurements are highlighted in light grey in
the top panel of Fig. 4. The light curve observed in 2016 appears
to be almost in phase opposition (O-C = -0.172 d or O-C =
+0.205 d) with respect to those observed in 2017 and 2018
(shown in dark grey).

The time series taken in 2020 and 2022 also provide an
example of a sudden shift. The measurements obtained in 2020
(cyan points in the lower panel of Fig. 4) are still in phase with
those obtained on 2017 and 2018 (grey points): the three Ty«
yield O-Cs of +0.0033,-0.0013 and 0.0028 d. On the other hand,
the light curve obtained in 2022 (green points) is clearly shifted
forward, and the observed Tpax yields an O-C of +0.0886 d.

To summarise, the Ty,xs obtained by the GEOS collabo-
ration from 2017 to 2020 are well fitted by a linear ephemeris
(Eq. (3)), which is certainly no longer valid in 2016 and 2022.
Therefore, the pulsation period of KIC 2831097 is highly
variable.
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Fig. 4. Large shifts of the light curve of KIC 2831097 observed before
and after the 2017-18 campaign. Upper panel: no-filter data obtained
in 2016 (light grey) and in 2017-18 (dark grey) at the Konkoly Obser-
vatory. Lower panel: V light data obtained in 2017-18 (grey points), in
2020 (cyan points), and in 2022 (green points) at the Freixinet observa-
tory.

5.3. Gaia

The Gaia satellite observed KIC 2831097 from September 2014
to May 2017, collecting 47, 47, and 46 data points in the G,
By, and R, bands, respectively. Table 3 lists the astrometric
and astrophysical parameters extracted from the Data Release
3 (DR3; Gaia Collaboration 2023). The Gaia pulsation param-
eters are also listed (Clementini et al. 2023). For sake of com-
pleteness, we added our determinations of the radial velocity
because no value is reported in DR3 and of the [Fe/H] value that
we obtained from our more reliable CCD light curves (Fig. 3).

Figure 5 shows the Gaia photometry in the G, B, and R,
bands folded with the DR3 period, i.e. 0.377068+0.000008 d.
We obtained a poorly defined light curve when folding all the
measurements (top panel). This is a clear sign that the period
of KIC 2831097 changed during the three years of the Gaia
survey. Therefore, we subdivided the dataset into four subsets,
each spanning about 200 d. The scatter of each light curve was
then strongly reduced, and the phase shifts caused by the chang-
ing period are clearly detected (second, third, fourth, and fifth
panel). The same results were obtained for R, and B, photome-
try. The DR3 amplitudes (0.43, 0.36, and 0.25 in B,,, G, and R,
respectively) decrease from blue to red, like those of GEOS.

We computed the observed Tp,xS by interpolating the data
points with a sinusoid (the solid line in Fig. 5). These four Tp,xs
(Table 3) bridge the gap between the Kepler Tp,xs and those
of the 2017-18 campaign and greatly helped us to understand
the complicated O-C behaviour. We immediately noted that they
perfectly bracket the 2016 campaign and clearly confirm the
large phase shift.

Gaia DR3 reports a distance d = 3.85 + 0.12 kpc, as obtained
from the General Stellar Parametrizer from Photometry (GSP-
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Fig. 5. Gaia photometry in the G-band folded with the pulsation period.
First panel from top: all the measurements taken. Second panel: mea-
surements taken from JD 2456927 to 2457163. Third panel: measure-
ments taken from JD 2457225 to 2457443. Fourth panel: measurements
taken from JD 2457471 to 2457659. Bottom panel: measurements taken
from JD 2457685 to 2457879.

Phot). B and V magnitudes of KIC 2831097 are provided by
the Exoplanet Follow-up Observation Program (ExoFOP'), i.e.
B =15.465 +£0.068 and V = 14.907 + 0.115. Because RRc vari-
ables are early-type A stars, B — V = 4+0.56+0.13 is affected by
a high colour excess, as proven by the heavy interstellar absorp-
tion measured by Gaia (Ag = 1.335 + 0.008 mag). We obtain
an absolute magnitude My = 0.64 + 0.12 by combining dis-
tance d, magnitude V, and absorption Ag, which agrees very
well with the Mygg. = +0.59 = 0.10 value attributed to RRc
stars (Kollmeier et al. 2013).

In this respect, the Gaia DR3 trigonometric parallax (0.1268
+ 0.0156 mas) seems to be underestimated and is probably
affected by a large bias (Lindegren et al. 2021). We also note the
large difference compared to the DR2 trigonometric parallax, i.e.
0.0394 + 0.0197 mas.

The Galactic coordinates, the low metallicity, and the high
radial velocity strongly suggest that KIC 2831097 is an RRc
star belonging to the Galactic halo, where RR Lyr stars are com-
monly observed (e.g. Gomel et al. 2019).

5.4. TESS

There is no TESS light curve of KIC 2831097=TIC 120531707
in the Mikulski Archive for Space Telescopes> (MAST). Never-
theless, we submitted several queries to the archive, also using
lightkurve (Lightkurve Collaboration 2018). Our attention
was drawn by the light curves of the nearby Kepler-1601=TIC
120531708, 1.03 mag brighter than KIC 2831097. Kepler-1601

! https://exofop.ipac.caltech.edu/tess/
2 https://exo.mast.stsci.edu
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Table 3. Gaia parameters of KIC 2831097, completed with our mea-
surements of RV,,, [Fe/H] and T,.x6.

Parameter Value

Gaia ID DR3 2099912216573778432
Gal. Long. [ [deg, 2016.0] 68.6584372558

Gal. Lat. b [deg, 2016.0] 14.3967978874

HrA [mas yr‘l] -2.6332+0.0167

MUDec [mas yr‘l] -4.4392+0.0175
Parallax [mas] 0.1268 + 0.0156

G [mag] 14.5349+0.0071

Ag [mag] 1.335+0.008
Distance Gsp-phor [PCl 3850+120

H, radial velocity [km s71] —203.43+0.42 (This paper)
Te [K] 11852+120

log g [cm s72] 4.041+0.025

[M/H] [dex]

[Fe/H] [dex]

Period [d]

First Tihaxg [BID]
Second T [BID]
Third T g[BID]
Fourth Ty, g[BID]

“0.8637031
—1.15 + 0.38 (This paper)
0.377068+0.000008
2457045.043+0.042 (This paper)
2457334.191+0.042 (This paper)
2457565.691+0.053 (This paper)
2457782.199+0.030 (This paper)

harbours a confirmed transiting exoplanet with an orbital period
of 2.209218+0.000014 d and no significant transiting time vari-
ations (Gajdos et al. 2019). No spectroscopic follow-up is avail-
able so far.

Kepler-1601 was observed by TESS in the consecutive Sec-
tors 80 (17276 data points) and 81 (16958 data points) from
June 17, 2024, to August 30, 2024, with a 2-min short-cadence.
KIC 2831097 is just one pixel aside of the aperture masks
adopted for Kepler-1601 (Fig. 6). We investigated whether
this proximity was able to contaminate the photometry of the
main target. We downloaded the time series of TIC 120531707
from the MAST, as processed by the TESS Science Processing
Operations Center (SPOC; Jenkins et al. 2016) at NASA Ames
Research Center. We used the SPOC Presearch Data Condition-
ing Simple Aperture Photometry (PDC-SAP) light curves.

A regular periodicity of 0.3769 d is clearly visible to eye
(Fig. 7, top and middle panels), with a peak-to-peak amplitude
that is much larger in Sector 80 than in Sector 81. The position of
KIC 2831097 in Sector 81 is on the bottom line of the aperture
mask, and its centroid is slightly farther away than in Sector 80
(Fig. 6). This reduces the amount of contaminating light. Our
interest was to study KIC 2831097, and we were therefore glad
that this happened, but it is a striking example of a false positive,
i.e. a light variability not due to the main target, but to a back-
ground star. This subtle proximity effect can play an important
role in the identification of exoplanetary candidates as well: an
eclipsing binary located 1-2 pixels outside the adopted mask can
still contaminate the aperture photometry of the main target and
mimic an exoplanetary transit.

When transformed into magnitudes, the full amplitudes of
the fitting curves (the sum of the pulsation frequency f and its
first harmonic 2f) are damped from 0.40 mag to 0.047 mag in
Sector 80 and to 0.017 mag in Sector 81 (Fig. 7, bottom panel).
These dampings imply that the light from KIC 2831097 con-
tributes to the PDC-SAP flux of Kepler-1601 from 11% (at the
phase of mimimum brightness) to 16% (at the phase of maxi-

TIC 120571308 - Sector 80

Pixel Row Number
Flux x103 (e ~/s)

1430 1428 1426 1424
Pixel Column Number

1422

TIC 120571308 - Sector 81

Pixel Row Number
Flux x103 (e ~/s)

1426

1424 1422 1420
Pixel Column Number

1418

Fig. 6. TESS target pixel file of Sectors 80 (upper panel) and 81 (lower)
centred on Kepler-1601. The red circle labelled 1 is marked by a white
cross. The orange squares delimit the pixels used by the SPOC pipeline
to perform the aperture photometry of Kepler-1601. KIC 2831097 is the
star labelled 4 in both panels. All sources from the Gaia DR3 catalogue
down to a magnitude difference of 4 are shown as red circles, and the
size is shown in the inserted legend. The colour bar on the right indicates
the electron counts for each pixel. Both plots were built using the code
tpfplotter (Aller et al. 2020).

mum brightness) in Sector 80 and from 3.7% to 5.4% in Sec-
tor 81. We note that the stars labelled 2 and 3 are even stronger
contaminants than KIC 2831097 (Fig. 6). Our goal was to deter-
mine the Tpxs of KIC 2831097, and we therefore did not try to
improve the Kepler-1601 photometry.

The TESS time baseline covers 131 pulsation cycles and
114 were captured entirely or in part. The gaps in the light
curves (Fig. 7) are due to satellite manoeuvres. Eleven years
after Kepler and six years after the ground-based campaigns,
the TESS survey can add significant pieces to the puzzle of the
period evolution, having in mind the fluctuations in the O-C plot
obtained from Kepler data and the off-phase cycles observed in
the GEOS campaigns.

The standard deviations of the fits of the folded light curves
are 0.0105 and 0.0083 mag in Sectors 80 and 81, respectively.
We subdivided the TESS time series into single-pulsation cycles.
We computed the least-squares fits with the f and 2f terms and
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Fig. 7. TESS photometry of Kepler-1601 clearly showing the light
contamination due to the proximity of KIC 2831097 to the aperture
mask. The contribution is larger in Sector 80 (top panel) than in Sec-
tor 81 (middle panel). The amplitudes of the fitting curves (in red) of
the folded measurements (in grey) are consequently different (bottom
panel).

determined their extrema. We were able to extract 103 reliable
Thaxs, disregarding those with an unsatisfactory phase coverage
or an excessive scatter. The resulting linear ephemeris is

Tmax = BIJD  2460480.22295 +0.3769327 - E @)
+0.00114  +0.0000154

(s.d.=0.0060 d), which is valid in the JD 2460480-2560820 inter-

val.

This ephemeris disagrees with the previous one (Eq. (3)) and
suggests that a period change has occurred. Since our analysis of
the Tpaxs has repeatedly proven that the period of KIC 2831097
is rapidly variable, we resumed GEOS observations when this
paper was near completion. Four new T,xs collected in May-
June 2025 occurred close to the times predicted by Eq. 4, though
with increasing positive O-C values.

6. Discussion and conclusions

Our spectroscopic campaign demonstrated that the RR Lyr star
KIC 2831097 is not in a binary system because the systemic
RVs measured with FIES are constant within a few 0.1 kms™!
and within the error bars. This result is very similar to the result
obtained on Z CVn, an RRab star that was also suspected to be
a binary member on the basis of the O-C diagram. The binary
hypothesis was later disproved by spectroscopic RV measure-
ments (Skarka et al. 2018). Apparently, the wide variety of O-
C changes in RR Lyr stars sometimes produces behaviours that
resemble LTTE. The cases of KIC 2831097 and Z CVn caution
us about these occurrences.

Detailed theoretical investigations are required to determine
why RR Lyr are rarely found in binary systems. The most plau-
sible explanation is that the evolution on the red giant branch
(RGB) destroys most of the potential RR Lyr variables in binary
systems (Bobrick et al. 2024). The core-helium burning star
underwent a mass-stripping process whose entity depends on
the binary parameters, such as orbital period and mass ratio.
Complete stripping leads to subdwarf B stars, and near-complete
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Table 4. List of the observed times of maximum brightness.

T max Uncertainty  Filter Observer
2455002.8856  0.0003  clean Kepler
2457045.043 0042 G  Gaia
24578455629  0.0007  clean A. Sédor
2457957.5145  0.0067 VM. Correa
2460480.217 0013  clean TESS
24608564164  0.0062 R JE Le Borgne

Notes. A few lines are shown for guidance, and the table is available in
its entirety at the CDS.

stripping leads to colder subdwarf A stars. Only partial stripping
is able to produce stars that can lie on the intersection of the hori-
zontal branch with the instability strip and then pulsate as RR Lyr
variables (Bobrick et al. 2024). The RR Lyr subgroup of evolved
RGB binaries should have long periods (Po, > 1000 d) and low
mass-ratios (0.45 < g < 2.0). The detection is therefore a hard
observation task, both in photometry and spectroscopy, which
explains the limited success achieved so far, i.e. just lists of long-
period candidates (Hajdu et al. 2015, 2021; Guggenberger et al.
2016).

When LTTE has to be discarded as the cause, we have to con-
sider the O-C variations of KIC 2831097 as a peculiar case of
the cyclic period changes of RR Lyr variables. We recovered the
Blazhko effect in the Kepler Tp,xS, measuring an oscillation in
time of only 0.004 d. Therefore, the O-C variations detected by
Kepler are too large to be ascribed to this weak Blazhko effect.

We revisited Kepler, Gaia, and TESS photometry and
observed new TS by means of a Professionals-Amateurs
project that involved several amateur astronomers and used pro-
fessional instruments. Table 4 lists the available 3624 T,,.xS, of
KIC 2831097. The Tp.xs are also listed in the GEOS RR Lyr
database® (Le Borgne et al. 2007), which will be continuously
updated. It is finally not possible to find a single ephemeris that
is valid for several years because there are pieces of evidence
of several period changes. We therefore have to limit ourselves
to proposing linear ephemerides (Egs. (2),(3),(4)) that are only
valid in restricted time intervals.

In order to provide the most complete picture possible, we
tried to reconstruct the O-C trend using just one linear fit. We
emphasize that because of the gaps in the Ty« collection, there
is a possible ambiguity in the number of cycles that elapsed
between the last Kepler Tp,x and the next one (the first Gaia
Thax). We were able to obtain the O-C plot shown in Fig. 8
by using the GEOS ephemeris (Eq. 3) as reference. This plot
shows the continuous decrease in the period, which is still ongo-
ing, with superimposed slow and fast oscillations. We must def-
initely conclude that the period does not seem to remain con-
stant for a long time, but based on the tendency to decrease in
value, we might argue that it is an evolutionary effect, but not
at a constant rate. Although not in a binary system, it seems
that KIC 2831097 deserves a continuous monitoring in the next
years because it might provide useful insights into the evolution-
ary period changes of RRc variables.

3 http://rr-lyr.irap.omp.eu/dbrr/
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Fig. 8. O-Cs of the T,,,xs computed by using a single linear ephemeris
(Eq. 3).

The O-C plot of KIC 2831097 can also be compared to
those recently obtained on other RRc stars. Differently from
KIC 2831097, the periods of BE Dor (P = 0.328 d) and
KIC 9453114 (P = 0.366 d) show continuous oscillations, with-
out a clear trend to increase or decrease. Recently, these oscilla-
tions were tentatively ascribed to the turbulent convection inside
the hydrogen and helium ionization zones (Li et al. 2022), which
are cyclically weakened and strengthened owing to the pres-
ence of a transient magnetic field (Stothers 2006). The variations
in the convective envelope cannot explain the short periods of
the Blazhko effect (Molnar et al. 2012), but they can enable the
long-term (P > 100 d) modulations. The critical point remains
the lack of pieces of evidence that magnetic fields are active in
RR Lyr stars, however (Kolenberg & Bagnulo 2009).

On the other hand, instabilities during the final phase of
the helium-core burning can explain the irregular period vari-
ations or the long-term oscillations, which are both around
a constant value or superimposed on the evolutionary trend
(Sweigart & Demarque 1973; Sweigart & Renzini 1979). After
the analysis of the Tp,xs of KIC 2831097, we still consider evo-
lutionary changes as the main cause of the period variations, as
proven by the agreement between theoretical predictions (Lee
1991) and observed rate changes (Le Borgne et al. 2007) in a
large sample of RR Lyr stars.

Data availability

Full Table 4 is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/703/A286.
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