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ABSTRACT

This paper presents an extensive overview of known and pepBR Lyrae stars in binaries.
The aim is to revise and extend the list with new Galactic fssistems. We utilized maxima
timings for eleven RRab type stars with suspicious behavimun the GEOS database, and
determined maxima timings from data of sky surveys and our olservations. This signif-
icantly extended the number of suitable maxima timings. Vdelelled the proposed Light
Time Effect (LITE) in O—C diagrams to determine orbital parameters for these systems
contrast to recent studies, our analysis focused on dedadgperiods instead of periods in
the order of years. Secondary components were found to ldemiaantly low-mass objects.
However, for RZ Cet and AT Ser the mass of the suspected canpahmore than one so-
lar mass suggests that it is a massive white dwarf, a neutesros even a black hole. We
found that the semi-major axes of the proposed orbits aredsst 1 and 20 au. Because the
studied stars belong to the closest RR Lyraes, maximal angiistances between compo-
nents during orbit should at least be between 1 and 13 mashanifriproves the chance to
detect both stars using current telescopes. However, tanpietation of the@d—C diagrams
as a consequence of the LiTE should be considered as praliynivithout reliable spectro-
scopic measurements. On the other hand our models give @twaadf the period and radial
velocity evolution which should be sufficient for plausilple@of of binarity.

Key words: methods: data analysis — techniques: photometric — starzadmtal branch —
stars: variables: RR Lyrae — stars: binaries: general

1 INTRODUCTION RR Lyrae would be in a binary system with known orbital param-
eters, its mass could be determined very accurately. Thdmfin

RR Lyrae stars play a crucial role in many astrophysical idisc such systems is crucial.

plines due to their unique characteristics. Since they anéved, _
luminous, population Il stars with an easily recognizabightl Unfortunately, only very few RR Lyrae binary stars have been
curve, they are used for the testing of evolutionary modelg.(  Unambiguously identified so far (e.g. the field star TU UMa in
LLee & Demarque 1990; Pietrinferni et al. 2006) and research o Wade et all 1999: Liska etal. 2015). Moreover, the overwirgm

galaxy wmm@ﬁﬂ al. 2b13; Stetsonlét al.| 2@Ea) mation of their binarity. This low number of binaries among& R
cause they are detectable over long distances, in cominaith Lyraes is surprising, because RR Lyrae variables are the mues
a known relationship between metallicity, period, and losk merous class of variables (VSX, Watson éfal. 2006), andntece
ity they represent suitable distance indicators also atgatactic ~ compilations and catalogues with pulsating stars in bésafist
scales[(Catelan & Corlés 20d8; Fiorentino éf al. 2010). kewe  Many hundreds of systems with other types of pulsating &ags
the location on the horizontal branch (HB) and the luminosit Szatmary 1990; Szabatios 2008a.b; Zhou 2010). Well, whad cou
a particular RR Lyrae star also depend on its mass. This garam 0e the reason?
ter has been estimated only indirectly from evolution medeid Some possible reasons were discussed, for example, in the
pulsation characteristics. Therefore independent détettion of classical review of RR Lyrae stars provided by Shiith (1988 ce
the mass of these stars is a key task that is sorely needed. If a RR Lyraes are evolved stars, their possible companion wuiid
the form of a degenerated remnant, another HB star, a redf dwar
(in the case of main-sequence star), or a substellar objécts,
* jiriliska@post.cz in most cases, the companion would be significantly less-lumi
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nous and smaller than the RR Lyrae component itself. Theygero 2.1  Eclipsing systems
bly would be only single-line spectroscopic binaries damtia by
the RR Lyrae component, and possible eclipses would beashall
and detectable with difficulty. As it was noted b R,
M) the mass transfer in close binaries would certalffty:a
an RR Lyrae progenitor. Therefore, if we want to discoverrahy
system containing a classical RR Lyrae, i.e. the one thasVased
without any interference from a companion, we should sefoch
detached systems with wide orbits and with periods longan th

This type of binary stars is extremely important, becausdyais

of their light and RV curves allows for the precise deterrtioraof
absolute values of their basic physical parameters. A feW.RBRe
stars were proposed to be bound in such systems. Neveghtles
eclipses are in most cases based on unique observationsutvith
any later confirmation. This could either be some instruidritis

or it could be a consequence of a long-period binary with varg

a few hundreds of days, rather than for short-period bisadd eclipses. _

these facts would cause problematic detection due to tiapgés [Fitch. Wisniewski & Johns n (1956) reported anomalous be-

over years, or decades. haviour of VX Her in one night's observation data when the sta
Recent research revealed that the situation is not as hope-Was about 0.7mag fainter than usual in a phase of minimu-lig

less as previous studies suggested. Except for a stranget obj Unfortunately, no repetition of this event has since begonted.

sembling RR Lyrae-like pulsations, identified _ Similar behaviour was noticed in RW Ari, an RRc type star, by

(2011) in the Galactic bulge and studied b rw— WisniewsKi[(197/1). He observed this star during 19 nights 6619
(2012).[Li & Qiath [(2014), on the basis of ultra-precise measu ~ On two nights RW Ari was about 0.6 mag and on another night
ments by th&eplerspace telescope, found tiny cyclic variations in  about 0.1 mag fainter than usual in tieband. He proposed these
the period (Light Time Effect — LiTE) of FN Lyr and V894 Cygtha  dipsin brightness to be primary and secondary minima of psec
are very likely caused by a brown dwarf companion. More réégen ing binary. After subtraction of the average light curve b&aied a
_|Q_Q1|5) identified 20 RR Lyrae candidates in lyirsgs- typical light curve of an eclipsing binary — a very convirgiproof
tems in the Galactic bulge using the same method. Additignal  Of his hypothesis (his Fig. 2). According to change$inV and
[Hajdu et al.[(2015) proposed that about 4 % of all RR Lyradsiees U —B indices he suggested that the companion is a blue glant or B-
in binary systems. The resultslof Li & Qldn (2014) &nd Hajdalet ~ type star, which is more luminous than RW Avri itself. $hliewski
(2015) clearly demonstrated that studying cyclic periodatmns (1971) determined the period of eclipses to be a bit Iongm 310'-
in these overluminous objects is much more efficient in rivga Anoth)er dﬁcrhease]j-n brightkr:ess (05 mfag, fUPPOSGd SGW"“&fd A
binaries than classical methods, i.e. detection of variatin posi- imum), which confirmed the period of eclipses, was reportg
tion, variations in radial velocities (hereafter RV), ortefgtion of Woodwari [(1972), who analysed data from Detre (1937). Spect
eclipses. These results are very encouraging and hold tmeige scopic observations made by Abt & §tiiewski (1972) showed a

for more candidates to be revealed soon. very strong difference in RV measured at the same pulsatiasgy
In our study we focussed on field RR Lyraes. We Whichwas interpreted as a consequence of binarity.
scanned the literature and the GEOS RR Lyr datébéSeoupe However,[ Edwards| (1978) measured RW Ari on 35 nights

Européen d'Observations Stellaites [Boninsegna et all_2002;  during the seasons of 1976 and 1977 and disproved all foymerl
Le Borgne et gl._2007) to choose candidates with cyclic caang noted statements about this star. In his observations ricaitioh

in their O—C diagrams which can be interpreted as a manifesta- Of eclipses was detectable, and the colour of RW Ari was fdond
tion of an unseen companion. Since there is no review of fieléds ~ be very similar to that of other RRc-type stars. He only sstgg

suspected of binarity with reference to various methodsectly that RW Ari could possibly show Blazko modulation with pef$o
available, we widely discuss particular targets in SECAR we of either 38 or 114 d. In addition, all following attempts tetelct
searched for manifestations of the LiITE@-C, effects which can eclipses failed.

also affect the appearance®f-C diagram are discussed (Sédt. 3). It is worth mentioning that reports on eclipses of VX Her

Except forO—C values from the GEOS database, maxima timings and RW Ari were based on observations performed by one group
from data of various sky surveys and from our own observation of observers, at the same time, and using the same equipment
were determined (Secil 4). For modelling of the LiTE we used a and methods whereby no comparison star was used (only standa
new code introduced In Liska etldl. (2015). Results for svter- stars,|_Fitch, Wsniewski & Johnson 1965; Bookmeyer el al. 1977).
gets are in Sedt]5 and are generally discussed in[Sect. 6. Therefore, the possibility of a false detection could notuled out

in these two cases (moreOl6).

V80 UM, located in the Ursa Minor Dwarf galaxy, is the other
candidate for an RR Lyrae pulsating star in an eclipsingesgst
The binary nature, proposed by Kholobbv (1971), is basechor p

2 OVERVIEW OF RR LYRAE STARS SUSPECTED TO tographic measurements presented_in vah Agt (1968). Kbalop
BE IN BINARY SYSTEMS found a possible eclipsing period close to 2 d and a pulsaéoiod

of about 0.5 d, but both values are dubious, because thejoseeto
the integer ratio of one day. In addition the brightness eefions
were detected only on 10 plates of three consecutive niBlefere
and after that nothing special was observed. V80 UMi is vaintf
with variations inB-band of 19.20 — 20.25 mag, and this was prob-
ably the reason why only one additional dataset was obtdimred
this star ((Nemec, Wehlau & Mendes de Oliveira 1988). Thed-ph
tographic measurements do not support eclipses. Nevesthehey
improved the pulsation period to 0.498746 d and proposety/fiee

1 http://rr-lyr.irap.omp.eu/dbrr/dbrr-V1.0_0.php of the variable to be an anomalous cepheid.

2 http://rrlyrbincan.physics.muni.cz/ The systematic search for an RR Lyrae eclipsing system in

Various types of binary systems with RR Lyrae stars, inclgdi
known candidates, are discussed below. As a reference we pre
pared a comprehensive IRRLyrBinCarof these objects, includ-
ing false-positives, which is available at the CDS and ingularly
updated on-line versi@h
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the Galactic bulge (3256 fundamental-mode RR Lyraes fromx MA
CHO project) was unsuccessflil (Richmdnd 2011). Theretbee,
only currently known RR Lyrae-like star in an eclipsing bipna
which was confirmed spectroscopically, is OGLE-BLG-RRLYR-
02792 located in the Galactic bulde (Piefigki et al| 2012). Un-
fortunately, this low-mass star (0.28.) with a pulsation period
of 0.6275d very likely only behaves similarly to an RR Lyrad-p
sator because of its evolution in a close binary syEterthe cur-
rent orbital period is 15.24d and the semi-major axis is 32 R
The reasons for excluding this star from the classical RRagyr
group were discussed by Pietfiki et al. (2012) and Smolec et al.
). They found that the bump in the ascending branchedRth
curve, Fourier parametap; calculated with theoretical models,
and a very high rate of period-decrease rules OGLE-BLG-RRLY
02792 out as a regular RR Lyrae star. There.
M) defined it as a prototype of a new class of variabléedca
Binary Evolution Pulsators. Another object, OGLE-LMC-RRR-
03541 in the LMC|(Soszyski et al| 2009), probably also belongs
to this class|(Hajdu 2015, priv. comim.). However, neithes the
possibility that the star is a blend of two objects (ecligsbinary
and RR Lyrae star) been rejected yet.

2.2 Systems with LiTE

Binarity of a system with a pulsating star can be unveiledhavith-
out eclipses through periodic changes in the times of maximu
light occurring in the pulsating component, which is causgdhe
orbit of an unseen companion. This is usually examined bygusi
O-C diagrams (more in Se¢i._3.4).

A few RR Lyrae stars were proposed to be in binary systems
due to LiTE. Probably the most well-known example is TU UMa.
This star shows sinusoidal propagation in its times of maxim
light with a period of about 23 years, which is superimposed o
a parabolic trend caused by stellar evolution. The idea iy

of TU UMa was first noted by Szeidl, Olah & Mizser (1986) and
further analysed by Saha & WHite (19B0Kiss et al.[(1995) and
Wade et al.[(1999).

Orlglnal measurements, current observations availaliéege
sky surveys, and observations from photographic platesvat
us to perform very precise reanalysis of tBe-C of TU UMa

ES). It was found that TU UMa very likely com-
prises a pair with a low-mass (minimum value 0933), low-
luminous star with orbital period of 23.4 years. The binaswmp-
tion was supported by the analysis of available RV measuntsme

XZ Dra shows in it90—C diagram a similar period of cyclic
variations of about 7200d (19.7 yr) together with a slowlgreas-
ing pulsation period as analysed @oozeym-
timated orbital parameters of the possible binary systeictwal-
lowed them to describe tH@—C diagram and variation in RV mea-
surements. They argued that another mechanism, e.g. a titagne
cycle, can play arole.

Another very interesting object showing LiTE-like behawio
is BE Doff, studied by Derekas etldl. (2004). If the binary nature of
this RRc star is correct, the RR Lyrae component would orfih w
a period of 8 years around the center of mass together withck bl

3 The secondary, more massive component, is at the beginiiits) red-
giant evolutionary phase.

4 @0) and Wade el Mbgg) analysed also gt
shifts in RVs.

5 BE Dor = MACHO* J050918.712-695015.31.

hole with a mass of about 68, . Although they argue against this
interpretation, and prefer some sort of magnetic cyclesaubtof
the binary explanation, the situation with this peculiajeabis still
unclear.

Inthe last yeat, Li & Qidn (2014) analysed tiny changes in the
times of maximum of FN Lyr and V894 Cyg based on data from
theKeplertelescope. They found that these stars are both accompa-
nied by a low-mass object, probably a brown dwarf or giam@ia
with orbital periods of 795d (FN Lyr) and 1084 d (V894 Cyqg)islt
very likely that more such binaries will be unveiled in pseespace

measurements (elg. Guggenberger & Steixner|2014).

Very recently, twenty binary candidates were identified agho
OGLE bulge fundamental-mode RR Lyraeslmmzom)
They started analysis from 1952 of well-observed stars ttbe-
lines of up to 17 years. From these results, they estimatetd&o
of all RR Lyrae stars belong to binary systems.

Analysis of the long-term period behaviour of AV Peg, RS
Boo, RR Leo |(Olah & Szeidl 1978; Szeidl, Olah & Mizser 1986)
and RZ Cetl(Le Borgne etldl. 2007) also provided some indica-
tion of the binarity of these objects. In addition, Le Borgial.
M) gave several other somewhat tentative examplessaitie
peculiarity in theirO—C diagrams, which can possibly be a conse-
quence of binarity (e.g. SX Aqgr, X Ari, etc). Long-term maorit
ing, lasting a few decades, facilitated the identificatibrseveral
RR Lyrae candidates in binary systems in globular cluseg,

& M5 or M53 {Szatmaly 1990; Szeidl et al. 2b11; Jurcsik bt al
2012).

2.3 Spectroscopic binaries

Spectroscopic binaries, discovered through variatior®vMncom-
prise a large fraction of known binary systems among orglinar
stars. Nevertheless, this statement, at least partiags dot apply
to RR Lyrae stars, in which the situation is complicated aupul-
sations. In addition, in detached systems, the pulsatiampooent
probably would dominate in the spectrum (reasons were oresdi

in Sect[1). Thus, only long-term, high-precision speatopsc ob-
servations, and application of spectral disentanglingdcc®ring
long-desired success.

So far the only known spectroscopic binary with an RR Lyrae
component is OGLE-BLG-RRLYR-02792 .
[2012), which is also an eclipsing binary (see Jedl. 2.1)s $tar is
a double-line spectroscopic binary with the main compomehy
mimicking an RR Lyrae type star. Concerning galactic fieltst
TU UMa is one of the most promising targets, in which possible
RV changes should be observable during one de eta
@). Variation in RV was also analysed in XZ Dra (Sécf] 2.2,
Wurcsik et all. 2002).

Several candidates for spectroscopic binaries were fokhti
based on differences in systemic RV from different studiesctv
achieve up to several tens of km's The list of suspected systems
from|Eernley & Barnes (1997) contains Cl And, DM Cyg, BK Dra,
XX Hya, ST Leo, CN Lyr, and TU UMa, and is complemented
by TY Aps, BX Dra, and BX Leo fromi Solano etlal. (1997). DM
Cyg and TY Aps show Blazko modulation, which could produce a
shift in RVs, and BX Dra was re-classified as an eclipsing fiyina

(Agerer & Dahr1 1995).

2.4 Visual binaries

Although the great distances to RR Lyrae stars make visued pa
hardly detectable, this type of binaries should be menti@iéeast
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for completeness. The upper limit for the separation of igaéien-
ally bound objects is probably not known. Neverthelessmfi
catalogue of 3139 orbits from Malkov et 12), we fouhdtt
99.3% stars in 2869 binaries have semi-major axes shoréer th
1000 au. For example the prototype RR Lyrae itself (the clioR&
Lyrae star, parallaxt = 3.46 masO?) as a hypo-
thetical system with semi-major axis of 1000 au would havera-c
ponent with a maximum angular distance o4@'. This illustrates
the difficulty in finding visual systems among RR Lyraes, hsea
possible visual systems would be much closer and changesin p
tion angle undetectable on reasonable time scales. Theelian
discovery of such a system without adaptive optics or ieterhe-
try is negligible.

2.5 Other types of binarity

In the second half of the twentieth century, AR Her and
BB Vir were found to be significantly hotter at minimum
light than other RRab variables (Preston 1959: Shirch [1966;
IFitch, Wisniewski & Johnson |_1956; _Bookmeyer et al. 1977).

Later,
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cepted ephemeris. Subsequently the time differéhe€ is plotted
against time or a cycle numbbi.

In an O—C plot it is very easy to investigate long-term sys-
tematic trends, which can be e.g. monotonically linear gtamt
period) or parabolic (period change with a constant ra&jpglic,
as well as sudden, more or less irregular (a revievDefC dia-
gram shapes can be found e.glin Liska & Skarka_2015). In the
case of RR Lyrae stars, the behaviour of their periods carebe v
complex with many possible reasons combined, sometimésanit
unclear interpretation. Therefore, an RR Lyrae star shgwiiE,
without another independent confirmation, should only hesib
ered to be a “candidate” binary system. Very illustrativaraples
of many O—C diagrams can be found e.g.tOOl,

[2012){ Szeidl et all (2011); Le Borgne ef al. (2007).

3.1 Evolutionary effects

Already at the beginning of the last centumtﬁmgl
pointed out that pulsating stars should undergo evolutiopa-
riod changes due to changes in their density. These chamges a

this discrepancy was discussed and explained by very slow, therefore observations spread out over manydéscare

[Kinman & Carretta [(1992) and_Fernley (1993) as a possible needed. Fortunately, RR Lyraes have been observed for imane t

consequence of binarity. They considered the second cosnpon
to be a blue, hot star.

Both BB Vir and AR Her are known as Blazko stars, but the
modulation nature of BB Vir is somewhat questiona@ark
[2014).[Kinman & Carretta (1992) analysed photometric oleser
tions of BB Vir in detail using(B—V) colour and also light curve
characteristics. They found that BB Vir has a low&—V) than
other RRab stars, and that the amplitude of its light curgenaller
than it should be for the given colour. After their correatiaf the
BB Vir light (assumed to be similar as for other RRab stafsgyt
suggested the unresolved component to be a hot HB star with si
ilar physical characteristics as BB Vir itself, which lies the blue
edge of the instability strip. Based on ultraviolet spem
) more closely specified the temperature of the suppos®-
panion to 7900 K. He also suggested an alternative exptanafi
BB Vir to be an RRc star with an unusually long period.

i @b) explained the modulation of AR Her to be
the consequence of non-linear superposition of the fundeahe
(PL = 0.4700d) and the second or third overtori® £ 0.233d).

i [(1992) speculated that, if the binary renf

AR Her is correct, the contribution of the second overtoné&go
modulation could actually be explained by the presence afran
resolved RRc star with a 0.233-day period rather than the con
sequence of beating between radial overtones. Kinman &e@arr
(1992) and Fernléy (1993) nicely showed how expected phettom
ric and spectroscopic characteristics of RR Lyrae starsidvbe
affected by a possible companion. Despite all the discutssat
ries, a convincing proof of the binarity of BB Vir and AR Her is
still missing.

3 PERIOD CHANGES OF RR LYRAE STARS IN
O—-C DIAGRAM

Since the beginning of modern variable star research, ttyesua-

ple and illustrativeD—C diagram has been used for the description
of the period evolution of stars. Time of a given phase (Uguax-
imum or minimum of the light changes), which is observe, (s
compared with predicted time calculateg) En the basis of an ac-

a century in some particular cases.

In RR Lyrae research, it is usual to express the period-aang
rates in B = Pyys = dPyyis/dt in [dMyr~1] or [msd™!], and
a = B/Pouis = (1/Pouls) F’pmS [Myr—1] parameters, for definition
of Pouis = 2a3/Ppuls, Whereag is a third coefficient in the parabolic
ephemeris of maxima timings (e.f., Le Borgne ét al. BoD-
pending on their masses, chemical composition and evalatyo
stage, RR Lyrae variables can exhibit both a period decraada
period increase during their evolution on the HB (see egttibo-
retical works of Sweigat 1987; Lee & Demarfjue 1990). When th
evolution is blueward, the period of a star slowly decreaaésdie
the evolution from blue to red implies a period-lengtheniBmce
the redward evolution is more rapid than towards the bluerate
of change of the period is higher for period-lengtheningntfar
period shortening.

According tol Lee & Demarque (1990), the majority of RR
Lyrae stars are in the early stage of their HB evolution. Asialg a
large sample of stars such as in globular clus
@) found that the average value @fshould be around zero
or very slightly positive. This assumption was confirmedﬂaL

), who compared synthetic with the observed HB anddoun
that8 depends on the type of HB. Another confirmation came with
studies Jurcsik et al, (2001, 2012) and Szeid| et al. (20ha) also
investigated period changes of RR Lyraes in globular ctaste

Nevertheless, in all these studies, as well as e.g.
Le Borgne et gl (2007), who analysed the C of field stars, some
peculiar cases with a very high positive or negatf/avere re-
ported. Stars with a larg8 > 0 are considered to undergo the
final episodes of their HB life, while RR Lyraes with the most
rapid perlod decrease are supposed to be in their pre-Hiugta

111979 Silva Aguirre etfal. 2008). Howeva
several cases with the largeBt such high period changes can-
not be explained by evolution theory. We suppose that foresom
these stars the discrepancy between observation and tbeoly
be caused by misinterpretation of théC diagrams. In the case

in

6 Several authors (e.@OlS) used different itiefinof (-
parameter — theiBieir = ag and therBieir = 1/2Puis 8-
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of a potential double star with a long orbital period, therespond- Table 1. Number of new times of maxima determined from individual
ing O—C could mimic a parabola when only a short time span of projects (HIP — Hipparcos), from our observations, and GE@@base.

observation is available.

In a few objects the Shape of tx-C diagram is more com- Star ASAS-3 CRTS DASCH HIP NSVS OMC SWASP Own GEOS Interval

plicated than only a simple parabola. A cubic ephemeris wiigh RSBoo 0 0 49 4 0 32 0 448 1900.0-20135
nificant third-order terms was also sometimes calculatedhiese RUCVN 0 5 24
objects (e.g., RS Boo, SU Dra, RW Cic, Le Borgne et al. 2007). rzcet 15 s 0
This approach is meaningless as was shoejd Scom 10 10 34
(2013). Evolutionary changes described using the powey ilaw subra 0
WhICh Pouis/dt ~ ~P% U,S, whereq is the deceleration parameter, the v or 13
third-order term is negllglble even in objects with extrepeziod
shortening/lengthening. This implies more complex befavihan
simple evolutionary effects are present in these objects féna-

rity).

6

N
w

114 1902.0-2013.3

0 0
9 4 0 100 1930.0-2013.8
11 0 0 134 1901.2-2013.4
5 0 0 235 1904.2-2013.5
0 6 243 1916.2-2014.6
SS Leo 13 0 105 1901.3-2014.4
0 502 1931.7-2013.6
AT Ser 14 1
14 12

252 1897.3-2013.3

3
0
3
3
5
4 9
2
3
3
RVvUMa O 5
2

© o o © o © o 5 o

0
4
2 3
AVPeg 9 0 0
7 3 50 1900.9-20145
0 0
7 5 6 0

BB Vir 5 46 1902.1-2013.4

3.2 Blazko effect

Almost a half of all RRab star§ (Jurcsik at al. 2009; Beekal. is in the closest part of its orbit to the observer, the timedeel
m) shows more or less periodic changes of the shape of thei to reach the observer is logically shorter than when it istlep

light curves, which is known as the Blazko eﬁmmpo parts of the orbit. As the star revolves around the centeragan
These changes manifest as changes in amplitude and in timeth correspondin@®—C plot will change periodically. The shape

of maximum light. Therefore, these changes can be repraduce of these changes depends on the orientation and eccentri¢hie
and analysed using a®—C diagram. AnO—C diagram of a orbit. The amplitude of such a&d—C diagram directly provides in-
Blazko star shows a periodic pattern with an amplitude ofimax ~formation about the projected size of the orbit, and theqakaf
mally about 0.2d (the currently known record holder is V445 L these changes correlates with the orbital period. Thesensters

with A(O—C)~ 0.15d,[Guggenberger etlal. 2012). Periods of the allow us to est?mate the tqtal mass of thg system. A few system
Blazko effect differ by several orders — from 5 days to momnth ~ Suspected of LITE were briefly discussed in Sect. 2.2.

5 years |(Szczyaiet & Fabrycky 2007). In fact, the upper lifoit
the length of the Blazko cycle is not known, and the greatalstes
detected for the period are governed by the length of the hiase.
Thus the BlaZko effect can be easily misclassified with LiTE.

4 DATA SOURCES AND TARGET SELECTION

Since the GEOS RR Lyrae database (Le Borgnelet al) 2007) is the
most extensive archive containing times of maxima of RR &yra
Except for periodic changes caused by the Blazko effect, RR Stars, it was used as the main source of data for this workeTar
Lyraes undergo very sudden, random changes, which affect from literature suspected of LITE were supplemented byatbjge-
mainly Blazko stars (see elg. Jurcsik élal. 2012; Le Borgad e lected only on the basis of visual inspection of th@irC diagrams
m) These abrupt, significant changes observed, for graim from the GEOS web page. This means that only stars with stispec
XZ Cyg (Bezdenezhnyi 1988) or RR GetniS&dQ[.ﬁzﬂldL&MCSIk cyclic variations were selected (stars showing one or mycées
2007), are usually associated with instabilities during tmal or almost one cycle dissimilar to a parabola). In additiorly stars
phase of the helium-burning phase or as a consequence ofthe m With more than 10 maxima timings passed for further analysis

ing events at the convective-core edge (Sweigart & Reh&ad). the entire GEOS database. After a closer inspection of tiaire

3.3 Erratic and other changes

Other possible explanations deal with changes in the gnadidhe ing O—C diagrams only eleven RRab stars, which are discussed in
helium composition in the regions below the hydrogen andiel ~ Sect[b, were fully analysed. From the preceding discustisev-
convection zone$ (Clix 1998). ident that we focused on high amplitude and long-term \iariat
Additional, not necessarily erratic changes, can be caedec ~ in O—C diagrams with good time-coverage. Therefore, our study
with hydromagnetic effects. They are probably the only veagt- is strongly affected by selection effects.
plain the problem with high-amplitude cyclic variationsteteted We did not use data marked as ‘pr. com.” from the GEOS
in non-Blazko stars which appears like peculiar LiTE causga database (the numbers of used maxima from the GEOS database
very massive component (a possible black hole with sevenal of are in the Tabléll). To maximally extend the GEOS sample we
M., e.g. BE Dorl Derekas etlal. 2004). re-analysddl data from sky surveys — Hipparcos (ESA 1997),

NSVS [Wozniak et all_2004), ASAS-8 (Pojmanski 1997, 2002),

and galned new maxima from CRE.SDASCH MI

3.4 Light Time Effect , SuperWASR (Pollacco el al. 2006; Butters &t al. |20
. (see e. g_Alfonso-Garzon, Domingo & Mas-Hesse 2010;
Probably the last possible way to affect tBe-C values of RR Z 2 D 2011). New maxima for the studied systems

Lyrae _stars, IS thr_ough the effect of orbital mf)tlon_ N a ynsys- were determined from sparse data using the template fittetgoa
tem with appropriate parameters (large semi-major axisiacld

nation). The orbital motion of an RR Lyrae component will pro

duce detectable changes of its times of maximum light. Th& i 7 From the reasons discussed in Ligka étal. (2015).
consequence of the finite speed of light, and it is called tigltL 8 http://crts.caltech.edu/

Time Effect (LITE), as already mentioned. When a pulsatitay s  ° http://sdc.cab.inta-csic.es/omc/index.jsp
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described inl_Liska et &Il (20115). The dataset with the beat-qu

ity (good accuracy, phase coverage) was selected for eacfost

the template fit. Maxima from SuperWASP measurements (good
time-resolution) were calculated using polynomial fittifidne de-
termined times, including uncertainties, obtained diyeitom the
least-squares method are available through CDS. The nuaiber
used maxima from particular surveys can be found in Table 1.

New photometric measurements BVRI bands were per-
formed for VX Her at Masaryk University Observatory (MUO),
Brno, Czech Republic during 13 nights (April — August 2014w
a 24-inch (0.6-m) Newtonian telescope and a G2-0402 CCD cam-
era. Other measurements in phases near maximum brightress f
the stars SS Leo and AT Ser were also obtained in Brno with a
small 1-inch telescope in thgreenband (description of the tele-
scope in Liska & LiSkova 2014).

All the maxima used from the GEOS database, with corre-
sponding references, maxima determined from sky surveys me
surements, and from our observations, are available via. GBS
each star the interval covered by these measurements is igive
Table1.

5 RESULTS ON STARS THAT ARE SUSPECT
The process of LIiTE fitting described al. (2015)swa

applied on our selected target stars whose identificatidnbasic
light ephemeris are in Talé 2. Each of these stars showiisagt
period changes. Several of them were previously reportposs-
ble members of binary stars, but with undetermined orbgailgls,
or only very roughly estimated periods.

Some of théD—C changes can be interpreted directly as large
amplitude cyclic changes. Such dependences were fitted bsla w
and are described by our model 1. In several cases the opleital
riod is similar to the length of the time-base. Therefore siad
should be considered only as a possible solution, in whieloti
served changes may not be cyclic at all. Some of the Star€ di-
agrams can be interpreted as a low amplitude cyclic charggrsu
imposed on a secular period change. This situation is destby
our model 2. However, in some cases both interpretationis! dzsu
possible and, therefore, both models were computed. Outtses
with the parameters describing the proposed orbits arelbifeh
The columns are described in the notes below the table. Exa@ep
orbital parameters this table also contains the periotighaate
(if present), goodness of fit indicatox&) and the number of used
maxima timings. For calculation of minimum masses of compo-
nents we assumed an RR Lyrae mass ofG6.

In agreement with expectations, it seems that companions
of the majority of our sample stars are low-mass stars. Hewev
in RZ Cet the companion is probably a white dwarf or neutram, st
and in AT Ser it is probably a black hole. The studied stars are
discussed in detail in the next sections.

Available literature contains a relatively rich sample dfje
nal RV measurements (Talilé 4) which could possibly be used fo
verification of our results, because our models allow thepaar
tion of systemic variations in RV (for details ).
Unfortunately they are in most cases of an insufficient nunitree
span, or quality for such usage. Systemic velocities for tawr
gets from Layden (1994), Fernley & Barhes (1997) or Solarailet

), which are typically based on 2 or 3 unpublished mmasu
ments, are of insufficient quality. During our study we fouhet

J. LiSka, M. Skarka, M. Zejda, Z. Mikula3ek, & S. N. de Viflier

Table 4. Sources of radial velocity measurements for individual RiRak
stars.

Star Ref. Star Ref.

RS Boo 2,8,14 SSLeo 1,3,57
RUCvVn 2 AV Peg 2,9,14
RZ Cet 4 AT Ser 2,6,7

S Com 2,7 RVUMa 2,6, 12
SU Dra 1,9, 10, 11, 13 BB Vir 2

VX Her 2,14

1-{Abt [197D), 2 LAt [(1973), 3=Carrillo etlal_(1995),
(1950), 5-LFernley ethl.[(1990), 6—Fernley. Skillen & BurkL993),

7 -Hawley & Barnds [(1985), €—Jones, Carney & Latham (1988}, 9
[(1989), 10—Oke. Giver & Searle (1962), L1—Pre§1965),
12 - Preston & Spinrhd (1967), 13— VarsaV<ky (1960),[14 - &pa Aly|
(1966).

than 30 km 51 compared to other datag®sThis shows the need
for new accurate spectroscopy.

5.1 RSBoo

RS Boo is one of the best studied RR Lyraes. Except for long-
term period changes, it shows modulation (Blazko effecthwai
period of about 533 d46) and a possible shorte
period of between 58-62 mm%). More recent analy-
ses showed multiple Blazko modulation with periods of 582.4
(Le Borgne et al. 2012) and 41.3d and 62.5d (Skarkal2014). The
idea that RS Boo could be a binary comes f@lQSO) who
investigated it9O—C diagram. After subtraction of a parabola he
proposed an orbital period of about 70years based on rdsidua
@b) also found that the brightening during the 6g-cl-
cle is lower in blue than in yellow, contrary to the long 538yd
cycle. He guess that it could be due to a cooler companion.

The shape of th©—C diagram of RS Boo (significantly ex-
tended with values based on the DASCH project) is apparently
asymmetric (Fid:11) allowing direct interpretation as asmuence
of LiTE (our model 1) and as a secular period lengthening with
superimposed LiTE (model 2, Figl 1). Model 1 gives an orlpt
riod of 147 yr and a minimum mass of the companion of 0264,
while model 2 gives an orbital period of 77 yr and a minimum snas
of the second component of 0.097.. Although the shape of the
O—C also suggests non-symmetrical period Iengthﬂntjpe in-
dication that the dependence should go makes this expbariats
plausible. Because both models have the same quality of tthe fi
(X;% =1.082) and both secondary component masses are possible, it
is very difficult to choose the correct solution. Only funtipeecise
photometric and spectroscopic measurements could help.

After subtraction of both models we searched for additional
periodicity in residuals. Both models give almost the sapsdr
uals, therefore the same periods were found in both cases. Th
most significant peak in the frequency spectrum (top pan#hef

10 [1994) analysed a large sample of mean RVs from
in_(1954) for RR Lyraes and estimated thertaiaty of

these measurements as 35 krm.dn many cases original values for these

among our targets some of the RV measurements may not be reli-mean RV measurements were published later i [Abt (1970])1973

able —mainly old values froi At (1970, 1973) can differ byreo

11 [l e Borgne et 8[(2007) performed a third-order least-semiéit.
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Table 2. Identification and basic light characteristics of studitatss(taken from The International Variable Star Index — Vi@¥atson et 2. 2006).

Star RA [:m:5] DEC [°:] Other designation Mo [HJID] Pouts [d] Mag range(V)
RS Boo 14:33:33.21 +31:45:16.6 AN 14.1907 = HIP 71186 2441770.49 0.37733896 991.84

RU CVn 13:59:33.28 +31:39:04.3 AN 6.1914 2434483.467 0.5732449 11.36-12.48
RZ Cet 02:28:32.44 —08:21:30.1 AN 36.1929 = HIP 11517 2433906.8920 0.5105981 .2451-12.240
S Com 12:32:45.63 +27:01:45.4 AN 83.1910 = HIP 61225 2440654.6410 0.58658722 0.881-12.12
SU Dra 11:37:56.61 +67:19:47.0 AN 43.1907 = HIP 56734 2443902.0467 0.66042001 .18-910.27
VX Her 16:30:40.73 +18:22:00.2 AN 30.1917 = HIP 80853 2453470.2068 0.4553595 9138-11.177
SS Leo 11:33:54.49 —00:02:00.0 AN 69.1919 = HIP 56409 2441781.4090 0.6263351 4200-11.584
AV Peg 21:52:02.79 +22:34:29.4 AN 90.1931 = HIP 107935 2443790.3160 0.3903814 .93-910.99

AT Ser 15:55:40.44 +07:59:18.7 AN 46.1935 = HIP 77997 2453467.0077 0.7465617 .01BE-11.890
RV UMa 13:33:18.09 +53:59:14.6 AN 139.1907 = HIP 66122 2445075.511 0.46806 9113

BB Vir 13:51:40.78 +06:25:51.4 AN 23.1935 = HIP 67653 2439613.7760 0.4711069 .73P0-11.450

Table 3. Pulsation and orbital parameters for studied systems withgble LiTE .

Star Model Pouls Mo 10~ Pyus B Porbit To e ® A a sini fON)  Momin Ky X3 Nmax
[d] [HJD] [dd™l]  [dmyr] [HJD] [l lightday]  [au] o] [Me]  [kms™h]
12 24 23 4500 86 37 78 13 48 19 65

RSBo® 1  0.377337351% 2448500.3193%% - - 147723 242550073330 0.150'32 220730 0.04687;2 8.1773 0.0246'35 0.264777 1.660'32 1.082(61) 536

RSBod 2 0.377337689%5 2435747.03465, +1281775 +0.046872% 76.7°0% 2455350335 05522 213711 0.01293* 22325 0001887 0.097°32 1.03°2° 1.082(62) 536
RUCVN 1 0.573250314¢3 2455343.46125% - - 101.633 24485003200 0.22t3° 33373 004953 8693 006171] 03923 25811 1.03(10) 192
RzCeP? 2 05106124428 2441276.624835 1808715 —0.660728 75.422 2431530805 0.35t1° 105233 008219 141} 04912 115710 5094778 113112) 139
S Com 1 0.5865890925 2453796.55538% - - 105.852 24422003530 0.123% 135722 0.0329°F 57023 0.0166°15 0.2241°78 1.6173; 1.05(10) 202
S Com 2 05865801247 2435940.006735 ~7.0112 002671, 90.I23 24427004350 019398 134762 0.02281% 3.96'3 0.00763] 0.16533 13312 1.03(10) 202
SUDra 2 0.6604212%, 2443902054973 +16.6%07 +0.0606°7; 70.7°5% 243210073500 0.24t3% 109739 001132} 1.963% 0.00150°59 0.08918 0.8573* 1.118(91) 245
VXHerB? 2 0.4553667823% 2438011.5688!, —4271'55 —0.1560%4 83.0°23 24221001230 0.81153 134715 0.0078755 1.36715 0.000371° 0.0540°53 0.8471 1.095(86) 279
SSLeo 1 0.6263413%; 2441781.39141] - - 110713 2453240835 0.4753% 141710 0051735 8.95'8% 0.0585°5 0.38473 2.737°5¢ 1.0913) 128
AVPeg 2 0.39037528233 2441552.2887755 +4596°%2 +0.1679°8; 47.7°18 2455880280 0.4471% 86'18 0.00591%3 1.024"$0 0.000471% 0.0589°5% 0.7171% 1.010(63) 518
AT Ser 1 07465600817 2436093.2609%5 - - 85.675 24494407330 0456720 217.7°72 0115732 20005 11070 190733 7.832 1.12(16) 84
RVUMa® 2 046806285035 2438459931815 +4.70182 10017223 66.93'5F 2449520315 0.404'53 317719 0.026573) 46015 002173 025175 2.24°1! 1.105(78) 336

irB? 6 48 +15 54 2.7 6000 18 76 12 21 29 15 23
BB Vir 2 0471099585, 2436232242655 +3637(3 +0.13253% 92.772 L 24469009700 0.241° 29675 0.0248;7 43077 000923 017735 14273 111(14) 109

Notes.(*) Columns contain following parameters: Star — name of theistthe GCVS, Model — type of calculated model (1 = only LITEZ2iTE + parabola)Pyyis — pulsation periodMg — zero epoch
of pulsations}f’pms = B — relative rate of changes of pulsation periBg}y;; — orbital period,To — time of periastron passage;- numerical eccentricityp — argument of periastrod — a; sini in light days
(semi-amplitude of LiTEA jTg can be calculated a&_ jtg = A \/m), ay sini — projection of semi-major axis of primary componegtaccording to the inclination of the orhit f (21) — mass
function, Mt min — the lowest mass of the second component, the value wadataltdor inclination anglé= 90° and adopted mass of primadjt; = 0.6 91, K; — semi-amplitude of RV changes primary
component (RR Lyrae starx,% — normalised value of?2, where)(% = x2/(Nmax— g) for number of used measuremeftsax and number of free (fitted) parametergonly LiTE g = 7, LITE + parabola
g = 8), Nmax— number of used maxima liming@,) — Blazko effect is known in the star, more information in tlaxe(I(B?) —the star is suspected from Blazko effect, more informatighe text.

Fig.[2) relates to a Blazko period 8§ = 5354) d (for all avail- riods Py2 = 39.5(7) d andPy3 = 60.0(1) d (two middle panels in
able data), which is within the error margin the same peried a Fig.[2), correlate well with the secondary modulation pasirom
from previous studies (e.g. Kany6 1986; Le Borgne etal. 2007 literature. Therefore we argue that the secondary modulamm-
), andPs = 5505(1.0) d when only more recent photoelec-  ponents are real and need to be refined by additional obgsrsat
tric and CCD measurements were used (data phased with this pe
riod are in Fig[B). After prewhitening with this peak, no etlsig- Our first model of LiTE suggests RV variations with a semi-
nificant peak was revealed taking all measurements intoumtco  amplitude ofKy ~ 1.7 km s1 (or only 1kms?® from model 2)
On the other hand, when frequency spectra of CCD and photo- which is too small for reliable confirmation with the availatiRVv
electric data were investigated, three additional peak® uwden- measurements (see Table 4). It is because the only measuseeme
tified. The first of them, with unclear interpretation, cepends with a sufficient accuracy, the ones lof Jones, Carney & Latham
to a period of 2400d. The other two peaks, corresponding 1o pe (1988), span only 108 days in various phases of the 550-day cy
cle, and therefore they are useless for our purposes. Attleese




8 J.LiSka, M. Skarka, M. Zejda, Z. MikulaSek, & S. N. de Viflier

RS Boo model 2
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Figure 1. O—C diagram of RS Boo together with our model 2 (solid
line, top panel) and variation after subtracting the paliaticend (bottom
panel). Black circles and blue stars display maxima addjpted the GEOS
database and new maxima determined in this work (from slkyegarmea-

surements and from our observations), respectively.

data allowed us to reject the possibility that the 550-dayecyould

be a consequence of an additional LITE, because such LiTHwou
produce periodic variations in the systemic velocity witbeami-
amplitude of 20.9 kms! which, after subtraction from the val-
ues adopted from Jones, Carney & Latham (1988), resultsiim-an

crease in the scatter of the phased RV curve.

5.2 RUCVn

Possible long-term cyclic changes in the pulsation perioorab-

ably 60000 )}E was discussed by Husar (2003), and due to
the complicated shape of th®@—C diagram was mentioned in
Le Borgne et al.|(2007). The dependence in Elg. 4 clearly show
a cyclic variation. Thus only model 1 was applied, which gies
orbital period of about 102 yr and a minimum mass of the compan
ion of 0.39M,. However, orbital parameters based on our model
should be considered only as preliminary, because only pde c

has been completed up to now.

12 This value should probably be in days not in years.
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Figure 2. Frequency spectra of photoelectric and CCD maxima for RS Boo
Steps in prewhitening with labelled frequencies go fromttpeto the bot-
tom panel, where residuals are shown.
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Figure 3. ResidualO—C values of RS Boo after subtracting model 1 phased
with the found Blazko period of 550.5 d. Vertical scatterasised by addi-
tional modulation components.

RU CVn has only 2 single RV measurements available in lit-
eraturel(Abt 1973). Both values were obtained with a nire-y-
ference at nearly the same pulsation phase of 0.33, but iffey d
significantly (+21.7-58.9) km s1. The big difference in RVs can-
not be explained by the difference in systemic velocity daseour
LIiTE model, because changes due to two different phase afrth
bit should only be about 1 kn14. In addition, the semi-amplitude
of RV change¥; is only 2.6 km . One of the values is proba-
bly incorrect or values are highly scattered (this is a méaegible
explanation), see Sefl. 5.
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RU CVn model 1 RZ Cet model 2
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Figure 4. O—C diagram of RU CVn together with our model 1. Symbols RZ CeF model 2 - F)arabola subFracted
are the same as in F(g. 1.
0.1f 51 1
5.3 RZCet 0.05
Period variations of RZ Cet in itO—C diagram are well =k
pronounced (Fig[]5) and were studied e.g. Met al. Q 0
(2007). They fitted th®—C dependence with a paraboBs = o)

—157.9(8.8) x 1011 d d~1) and subsequently found oscillations in
residuals with a period of 12500 d superimposed on the phcabo -0.05
trend. They mentioned that this oscillation could be theseen
quence of LiTE.

We tested the proposed scenario using a similar approach — ‘ ‘ ‘
simultaneous fitting of a parabola and LiTE and fouRgs = 20000 30000 40000 50000 60000

HJD-2400000 [d
—18087[8 x 1071 dd %, and a LIiTE period of 75yr (27600 d) [

which_is_more_than two times more t.han the _valug from Figure 5. O—C diagram of RZ Cet together with model 2 (top panel) and
MQMLL(MU- Neverthel_ess, th_e time-baselisearsm- variation after subtracting the parabolic trend (bottomgba Symbols are
ilar value (84 yr) and thus the orbital period and other paizns the same as in Fiff] 1.

(such as companion mad8&, ymin ~ 1.15 M) are very prelimi-
nary.
However, variations in th®©—C diagram allow for another, (ColacevicH 1950), which is inappropriate for our purpoSisec-

less probable scenario: that tlle-C dependence itself could be troscopic measurements are definitely highly needed torcoitifie
interpreted as a LITE (without parabola, model 1) with ineom  pinarity of RZ Cet.

plete cycle. The insufficient time span caused the modettirige

unstable and the LITE model parameters had to be manually ad-

justed. This 'solution’ gives an orbital period of at lea&t years 54 SCom

with an amplitude suggesting a high-mass companion withra mi

imum mass of 7.8t,. According to the discussion in Sefct. 1 this S Com is another promising candidate for a binary system. The

should be a black hole. Since the proposed orbital periodoiem  information about possible cyclic changes with a long peri@s

than 80 years, the system would be well detached and theneéor ~ mentioned without closer details|in Le Borgne €tlal. (2007pba-

mass transfer would be possible, and the black hole wouldfesan ~ ble LiITE with a period of about 106 yr is well demonstrated i 0

itself only via gravitational effects on the RR Lyrae compnh Al- O—C diagram (model 1, the top panel in the Hig. 6). Currently, the

though the presence of a black hole could be surprising, RZ Ce pulsation period is at its the shortest, but in the next fearyét

would not be the first object among RR Lyrae type stars with a should start rising again.

possible black hole (see the discussion about BE Dor in Bedt. Our second model of LiTE of S Com including the parabolic
(2005) identified RZ Cet as a modulated star, but trend (the middle panel in Fifl 6) gives a shorter orbitaiqueof

the period of the proposed Blazko effect is not knoln. Skarka 90yr and also lower orbital parameters such as the projectio

(2014) analysed data of RZ Cet from the ASAS survey and found the semi-major axis or the limiting mass of the secondarypmm

no indications of modulation. It is possible that high-aitusle nent. The rate of period changBsys = —7.075% x 10-*1dd!

O-C changes could be attributed to the Blazko effect with an ex- significantly differs from the value-26.4(1.1) x 10~ dd?!

tremely long period, but such a long modulation period ha®aen (Le Borgne et gll 2007) mainly due to inclusion of LiTE in the

found yet (see Sdc 3.2). Analysis of the residuals also digmmw model.

any signs of modulation. There are two RV datasets available in the literature (Tdple
Only one single RV measurement for RZ Cet is available However, expected changes of the systemic velocity cauged b

-0.1¢ 1
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Figure 6. O—C diagram of S Com together with our model 1 (top panel),
model 2 (middle panel) and variation after subtracting thepolic trend
(bottom panel). Symbols are the same as in[Hig. 1.

binarity with a semi-amplitude of only 1.6 kmis (model 1) or
1.3kms 1 (model 2) are completely saturated by the RV changes
caused by pulsations.

MikulaSek, & S. N. de Villier

SU Dra model 2
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Figure 7. O—C diagram of SU Dra together with our model 2 (top panel)
and variation after subtracting the parabolic trend (botfanel). Symbols
are the same as in Flgl. 1.

5.5 SUDra

O—C variations of the star SU Dra cannot be explained by a sim-
ple parabolic trend. As in other mentioned cases, we prajpthee
period changes are caused by the presence of an unseen lsedy. A
cording to our model, combining parabola and LiTE (. fg t
low-mass companiondliz min ~ 0.0991.) should orbit SU Dra
with a period of 70.7 years. The parabolic shapeQsfC sug-
gests a period change rate of 160§ x 10-11dd~* which is al-
most the same value as 17.0(k00 1dd! (Le Borgne et al.
2007E. An additional scenario (simple LiTE) was tested and sim-
ilar to other proposed systems, the found orbital periodbafua
149yr is very uncertain since only an incomplete cycle islakite

in the O—C diagram.

SU Dra, as the brightest star from our sample, has the largest
number of sources with available RV measurements (Tabldrt).
fortunately several values are dubious and the remainiteysgeem
to contradict a binary hypothesis. However, the semi-amnnbdi of
predicted RV changek; is quite small — only 0.85 knts which
is hardly detectable. Therefore this test should not beidersd as
reliable.

13 He calculated also third-order fit for SU Dra with 1340 11dd 1.
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Figure 8. Light curve of VX Her inV band obtained in order to detect
eclipses at MUO during 13 nights (April—August 2014) togetlwith
the polynomial model (top). The residual after model sudbia (bottom)
shows no evident variations larger than 0.02 mag.

5.6 VXHer

VX Her was proposed to be an eclipsing binary by
Fitch, Wisniewski & Johnson | (1956) — see the discussion in
Sect.[Z.1 for more details. Unfortunately, no other obsewma
from literature nor our observations (Fid. 8) confirm Fitchésults.
The shape of th®—C diagram (the top panel of the Fid. 9) of
VX Her is apparently a parabola with a small systematic deéor
tion. The residuum after subtraction of the parabolic trgattom
panel of the Fig:19) contains a small wave which can be destrib
by a model of LITE with a period of about 86 yr. Nevertheless,
the existence of LITE is a bit questionable due to the higltecan
older maxima (photographic, visual). At least our resultloa con-
sidered as a limiting value for LITE in VX Her (the limiting ras.
of a second component could only be 095)). The value found
for the period change rate42.71755 x 1071 dd~? is similar to

the value—40.5(9) x 10~ d d~* from|Le Borgne et &l! (2007).

All the O—C variations can also be described using only sim-
ple LiTE with a longer period. In such a highly unlikely scena
the possible orbital period would be about 175 yr, and théilign
mass of the secondary star would then be abou®0-8

According td Azarnova (1963) and Wunder (1990) the pulsa-
tions are modulated with a Blazko period of 455.37 d with gjait
high amplitude ofO—C changes of 0.013 d. This periodicity was
found after subtraction of the parabola in tBe-C diagram with-
out verification of light variations. Later results from \Wder are
based only on photographic, visual and 4 photoelectric oreas

11
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Figure 9. O—C diagram of VX Her together with our model 2 (top panel)
and variation after subtracting the parabolic trend (botfanel). Symbols
are the same as in Flgl. 1.

ations is from—410 to—340 km s 1, while our model suggesting a
0.0597,, companion predicts the semi-amplitude of RV to be only
0.8kms™t.

5.7 SSlLeo

The O—C diagram of SS Leo shows large changes in the pulsa-
tion period (Fig[ID) that can be explained by long-perio@H.i
Apparently it could not be explained as secular period charith
additional low-amplitude LIiTE. We found a probable orbjtakiod

ments of maxima timings and they should be verified. Moreover with length of about 111 years. Therefore, only one cycle vass-
these changes may not be caused by the Blazko effect, but bypleted since the time of the first observation. SS Leo is knasva

LITE. In our residuals after subtracting the parabola, Wwhice
based on photoelectric and CCD measurements, no indisation
modulation are apparent. Since these residuals have aasthte-
viation of 0.0015d, changes in amplitude of a magnitudeelarg
should definitely be detectable. Frequency analysis oflueds
from photographic and visual measurements (including oreas
ments 00) show no indications of periodicityath
dition, Blazko modulation was undetectable in ASAS d
@) and in our measurements (fEih. 8). Therefore it is \ikeyl
that VX Her is currently unmodulated.

RVs from two available sources (see Table 4) have insuffi-
cient quality to confirm the binarity, because the range ofVRK-

regular pulsating star without the Blazko effand
we did not either notice signs of the Blazko effect. The psmub
companion should have a minimum mass of @88.

Measurements of RV were found in four publications (see Ta-
ble[4). Unfortunately, three of them contain values obtaineer
4 years, thus practically in the same phase of the suppo$éd or
During this time the difference in systemic velocity basedoor
LiTE model should change only within 0.16 km’ and this dif-
ference is below the accuracy of these RV measurementsrNeve
theless, the pulsation phase is well covered by RVs and vatary
in the range of 120—205km$. One of the values published by
IAbi (1973) (-20kms1) is very different from the others and is
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Figure 10. O—C diagram of SS Leo together with our model 1. Symbols
are the same as in F(g. 1.

probably incorrect. Again it is impossible to confirm thedoiity of
SS Leo using available RV measurements.

However, in May 2015 the systemic velocity should be lower
by about 4 kms? than for RV measurements from the last three
sources. We propose SS Leo as an easy target for confirmdtion o
the binary nature by RV measurements.

5.8 AV Peg

AV Peg’s O—C diagram has a parabolic shape (Figl] 11). In
the residual, after applying a quadratic ephemeris, a waag w
detected, which was proposed by Szeidl, Olah & Mizser (1986)
as a sign of LiTE. Their preliminary value of the orbital pe-
riod was estimated to be 64 years. Our approach, in which pa-
rameters of a quadratic ephemeris and LiTE are fitted simul-
taneously (top panel of Fid1l1), yields a shorter orbitat pe
riod of 48yr and the rate of secular change of the pulsation pe
riod Ppyis = +45.96"33 x 10-11dd~* which is very similar to
values+47.3(8) x 1011 dd-! (Szeidl, Olah & Mizser 1986) and
+45.8(5) x 1011 dd~* (Le Borgne et al. 2007). The difference in
the length of the orbital period can be explained by usingiabo

30 year longer dataset with more accurate CCD measurentamts t
was used by Szeidl, Olah & Mizser (1986). Our model of LiTE in
AV Peg gives the second lowest minimum mass of the secondary
component of all stars in our sample (only 090&,). When apply-

ing the model only to CCD and photoelectric measurements and
subtracting the parabolic trend (bottom panel of the Eig, ftie
LITE is more pronounced than in the case of all measurements
(middle panel of the Fig.11).

RVs found in 3 sources (Tabl€]l 4) were obtained in
phases where the systemic velocity should differ by onlyuabo
0.26kmsL. Thus the variations in RV due to binary motion are
undetectable in these measurements. The range of RVs dué to p
sation of the stlfl is from —93 to —31kmsL. In any case, the
semi-amplitude of RVs caused by the proposed orbit is too low
(only 0.7 km s'1) and will be very difficult to confirm.

14 One value fron) Abt (1973) substantially differs from theesth
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Figure 11.O—C diagram of AV Peg together with our model 2 (top panel).
The middle panel demonstrating LITE shows all data aftetragbng the
parabola, the bottom panel shows the same only for CCD angleatric
measurements. Symbols are the same as i Fig. 1.

5.9 AT Ser

More than one orbital cycle is covered for times of maximum fo
AT Ser (Fig[12). From the amplitude of change<OrC it is evi-
dent that the possible companion has a high mass. Our moittel, w
an orbital period of 86 years, predicts a minimum mass of éte s
ond component of 191, . Therefore the companion should be a
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Figure 12. The O—C diagram of AT Ser together with our model 1. Sym-
bols are the same as in Fig. 1.

degenerate remnant in the form of a neutron star, or morky like
the form of a black hole.

RVs were found in 3 sources (Talile 4). Unfortunately, these
9 values do not even cover a complete pulsation phase. Mshsur
RVs vary betweenr-100 and—40 km s'1, but the full range of vari-
ations in velocity will be a bit larger. The calculated seamiplitude
of the orbital RV curve for this system is one of the largesbetd
7.8kmsl. Currently (May 2015), the systematic offset in RVs
should have the highest difference of about 15.5 kfnather than
for RVs frommm—&%). AT Ser is, therefore, anothesyea
target for proving binarity using RVs.

5.10 RV UMa

RV UMa is a well known modulated star with secular period
changes accompanied with LiTE covering more than one peapos
orbital cycle (Fig[IB). When th®—C dependence is considered
as LiTE with a period of 66.9yr supplemented by a slow evo-
lutionary period change (parabolic trend with the rateF'ms =
4.7x10711dd1, the companion should have a minimum mass of
0.25M..

Except for these large-amplitude period changes, RV UMa
shows additional small changes caused by the Blazko efféht w
interesting behaviour. Kanyb (1976) analysed the periddbieur
of RV UMa and found that the BlaZko period (about 90 d) changes
in the antiphase with the pulsation period. A more detaileal\a
sis of period evolution and the Blazko effect, performem
(2007) and Hurta et al, (2008), confirmed Kanyo'’s resultseord-
plemented it with finding that between 1946 and 1975 the absng
in the pulsation and modulation periods were parallel. Idiad
tion,l.8) gives the range of the modulatieriqul
changes between 89.9 and 90 dNevertheless, none of these
authors discussed the possible binary nature of the cyali@mv
tions of theO—C diagram shown in the Fi._13. After removing
LITE and the parabolic trend we searched for periodicitysealu
by the Blazko effect. We found a modulation period of 89.9(1)
(Fig.[14). The high scatter probably corresponds to theatiari in
the length of the BlaZko period.

15 [Kanyd [1975) found that in 1961 the Blazko period was 92.12 d.

RV UMa model 2

0.06/ :
0.04f
0.02

0

o-C [d]

-0.02

-0.04

-0.06( 1

10000 20000 30000 40000 60000
HJD-2400000 [d]

50000

RV UMa model 2 - parabola subtracted
0.06¢ 1

0.04

0.02

0

o-C [d]

-0.02

—-0.04 1

-0.06 ]

10000 20000 30000 40000 50000 60000
HJID~2400000 [d]

Figure 13.0—C diagram of RV UMa together with our model 2 (top panel)
and variation after subtracting the parabolic trend (botfanel). Symbols
are the same as in Flgl. 1.

We attempted to confirm variations in tie-C diagram by
RV variations. Three datasets of RV measurements that ¢beer
pulsation cycle well were found in literature (see Tdble We
measured values of RV were compared with RV values corrected
for systemic velocity caused by orbital motion (paramefesm
our model of LITE). Unfortunately, confirmation failed due &
small semi-amplitude oK; of 2.2kms® and due to changes in
RV during the BlaZko effect - Preston & Spinrad (1967) clearl
presented evolution of the RV curve for RV UMa in different
BlaZko phases (change of the shape and amplitude of more than
20kms1).

Our results, together with those fram_Kahyé (1976), Hurta
(2007) and Jurcsik et al. (2002), suggest that there coulsbbee
connection between orbital motion and variations in pidsaand
Blazko periods. Although Huita (2d07) did not deal with biha
67-yr antiparallel pulsation and modulation period changppar-
ent from his Fig. 4, indicate this possibility. Similar buargllel
behaviour was observed in XZ D @002), andsve
sume that the connection with binarity should also be ingattd
in other BlaZko stars, e.g. XZ Cyg (LaCluyzé el al. 2004), Rvél D

).
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Figure 14.0—C residuals of RV UMa phased with the modulation period BB Vir model 2 — parabola subtracted
of 89.9(1) d.
0.05f 1
5.11 BB Vir
[Kinman & Carrettal(1992) supposed BB Vir to be a member of a
binary with a hot HB star (already discussed in Sectl 2.5)elvh =
we check Figl_Tb we immediately see that e C dependence is o
deformed and could not be fitted with a simple parabola. Onleeof ('3
possible explanations is that thie-C is a part of the LiTE with an
incomplete cycle. Assuming this less probable scenaridiowed
that the companion with a minimum mass of about @@5 should )
orbit around the RR Lyrae component at a minimum distance of
21.6 au with an orbital period of about 168 years. The redftiv ~0.05- ]
high minimum mass suggests a degenerate remnant. 10000 20000 30000 40000 50000 60000

Nevertheless, the second model combining the parabotid tre
with LIiTE (Fig. [I8) is supposed to be more probable. We found
a period of about 93yr and the rate of period chanéﬁgs =
+36.3733 x 10711dd"1. The obtained period-change rate dif-

fers from value+46.0(3.8) x 10 11dd~! (Le Borgne et dl. 2007)
which can be explained by adding LiTE to our model.

Because BB Vir is known as a star with modulation in the
GCVS catalogue, we unsuccessfully searched for additipaal
riodicity in residuals. In addition, the modulation perigl not
known, and no signs of modulation were found in ASAS data by
MKZ_QJM). Therefore the Blazko effect in BB Vir is atsea
guestionable.

Only one single RV measuremenil5.6 kms 1 ) is
available in literature, but it is insufficient to tell us dhing about
the binarity of BB Vir.

5.12 Other RR Lyrae stars with long-term cyclic variations
in O—C mimicking LiTE

There could be several other RR Lyrae type stars that exdyiblic
changes that could possibly be interpreted through LiTEeNe
theless, the shape of variations often changes from cycly-to
cle which is difficult to explain by simple LiTE. A typical er&
ple is the star RR Lyr itself. Its semi-regular variationseatthe
gap at about JD 2435000 resemble the LiTE with a 14.1-yr gerio
(Fig.[18) and a companion with a minimum mass &2 with

an eccentric orbit witke ~ 0.4. Unfortunately, the general trend in
period evolution of RR Lyrae is more complex with the gap, and
different slopes before and after the gap. The situatiorniélar
with AQ Lyr (Fig.[I74) which underwent two cycles during the in

HJD-2400000 [d]

Figure 15.0—C diagram of BB Vir together with our model 2 (top panel)
and variation after subtracting the parabolic trend (botfanel). Symbols
are the same as in Flgl. 1.

terval JD 2424000 — 2438000 with a period of 19.8 yr well agpro
imated by a highly eccentric orbie¢ 0.75— 0.95) of a massive
component 6 —9M,. Before and after this interval the star behaved
differently.

Another candidate for binarity is AE Peg showing high ampli-
tude variations ir0—C (Fig.[I8) with a period of about 99 years,
e~ 0.3, and a semi-major axia; sini ~ 56 au. The secondary
component should be a massive black hole with a mass of about
18.6901. Maybe a binary explanation is not correct for these ob-
jects, but hypotheses employing other effects discuss&ban[3
are equally uncertain.

These three mentioned objects have known Blazko modula-
tions with lengths of tens of days. Detected long-term cyediria-
tions can be a manifestation of multiple Blazko effects. Seheb-
jects are good examples of stars with complex behavioutdb&s
like LITE in some parts, but in others are undetectable. éndhse
of AQ Lyr and RR Lyr, a time-base longer than 2 and 4 cycles,
respectively, was necessary to detect a completely diffediad
of variations in theD—C diagram. Additional observations will be
highly appreciated.
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Figure 16. O—C diagram of RR Lyrae (after the gap at about JD 2435000)
shows also cyclic changes which could be described by thE hiddel.
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Figure 17. O—C diagram of AQ Lyrae that shows cyclic changes during
a short interval (JD 2424000 —2438000) which could be desdrby the
LiTE model.
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Figure 18. O—C diagram of AE Peg that shows probable cyclic changes
which could be described by the LiTE model.

6 DISCUSSION

Cyclic changes inrO—C diagrams can be interpreted in various
ways. The time scale of the changes that we studied is crucial
Thus far the longest observed process in RR Lyrae starsnzausi
cyclic changes (not necessarily strictly periodic) in e C di-
agram, is the Blazko effect. Observed periods are maximally
the order of years, while we analysed period-evolution enatder

of several decades. Another possibility to explain cyaitg-term
period variations could be the presence of a solar-like ratgn
cycle. This idea was proposed by Stothers (1980). Derelais et
M) argued that the relative change in radius during éneg-
change cycle of BE Dor is in agreement with the relative clang
of solar radius during its magnetic cyclﬂ004), arereh
fore a hydromagnetic interpretation could be correct. Tioblem

is that a dipole magnetic field in RR Lyrae stars was not detkct
(e.g..Chadid et al. 2004; Kolenberg & Bagnulo 2009), angl iitdt
clear whether solar-like magnetism is even possible ingping
HB stars. Perhaps some unknown physical mechanism cout be r
sponsible for the long-term cyclic evolution of the pulsatperiod.
However, the most simple, and currently most probable egian

is through binarity, which we assume in this paper.

Our target selection gives preference to orbits with wide tr
jectories and with long orbital periods lasting for many aldes.
Such systems are, therefore, definitely well detached withmass
transfer between components taking place during theiciiges.
This should allow direct determination of the true RR Lyraass
which is not influenced by stellar evolution in a close bingygtem
— a chance keenly awaited by all theoreticians dealing vtélios
evolution and pulsations. However, wide trajectories matgpses
highly improbable, not even mentioning eclipse predictiwhich
strongly degrades the chance of precisely determining t&srof
an RR Lyrae component in this way. Observation of eclipses is
therefore a very unlikely event. Maybe the dimming of thentig
of VX Her noted by Fitch, Wsniewski & Johnsari (1966) was such
a case. In spite of the slim chance for eclipse detectione wrig-
jectories can be used with the advantage of determining RReLy
mass on the basis of visual binary motion together with RV-mea
surements.

However, the recent studies a14) and
.5) detected systems with much shortersodoily
in the order of ye giving a better chance for catching an
eclipse. OGLE anepler measurements span maximally a few
years. Thus long-period binaries remained hidden in theserva-
tions. A great advantage of the data from OGLE and spaceysirve
against our sample is that they observed many thousandsgetsa
almost continuously, while we analysed bright field targeits a
large amplitude of variations in the®®—C, that are sparsely ob-
served separately by different observers, and not regwdad with
similar cadence as in the case of Kepler or OGLE. The time-spa
the data that Li & Qian (2014) and Hajdu et al. (2015) usedsedu
that their results are strongly biased towards short drpégods.

Nevertheless, a project established for period studyingrf
Lyraes, using their maxima timings regularly and densekeogzed
by the TAROT telescopes (Le Borgne etlal. 2004, 2007), can be
considered as comparable to the OGLE. Detailed analysidl of a
O—C diagrams (not only a visual selection as was done in this pa-

16 Binary system TU UMal (Liska et HI. 2015) with a 23.4yr perisdn
the middle of the orbital period interval of the mentionedvey systems

and those from this paper.
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per) for these TAROT objects would reveal systems with paksriaf
several years.

Another problem which relates to the length of the proposed
orbital periods, are the uncertainties surrounding theocehtor
modelling of theO—Cs (with or without secular parabolic trends).
.5) applied secular changes together willk Ly
default. Generally, our models with parabolic trend givechu
shorter periods than models with LiTE alone.

Companions of all stars in our sample should be objects with
minimum mass larger than about 06 . In the case of VX Her

& S. N. de Vidlier

We attribute them to the consequence of binarity manifgstself
as the Light Time (Travel) Effect. We attempt to provide ateex
sive overview of known, or more accurately, suspected RRdyr
type pulsators in binaries, and we discuss problems invglab-
servational and analytical methods for the confirmationhef li-
narity. We also widely discuss various effects which carugrice
the appearance @—C diagrams to establish a solid basis for in-
terpretation and strengthening of our results.

We proceeded from the collection of maxima timings provided
in the GEOS RR Lyrae database (Le Borgne et al. [2007) and se-

and AV Peg, their companions could be brown dwarfs when the lected several stars with—C diagrams whose appearance could

orbits would have an inclination close to 90 degrees. Inro#ixe
amples the companions are probably low-luminous low-magge m
sequence red dwarfs, or stellar remnants. This corresports
with the absence of information about the peculiar colouarnf
of the stars in literatuld. If the companion was a luminous star of
a different colour than the RR Lyrae component, we would nlese
significant colour excess in comparison with the averageuradf
RR Lyraes.

In RZ Cet and AT Ser our models suggest high-mass compan-

be interpreted as the consequence of binarity. In additodata
from the GEOS database, we determined maxima timings for se-
lected targets from large sky surveys and our observatkorsthe
modelling of the LITE, we used recently developed code based
the non-linear LSM and bootstrap-resampling met.
@). LiTE for eleven stars were modelled and possiblealrpa-
rameters were calculated (Table 3). Orbital periods of Hygtical
binaries range from 47 (AV Peg) to 147 years in RS Boo (model 1)
The projection of the semi-major axis of the pulsating congrd

ions in the form of a degenerate remnant with a minimum mass a; sini was estimated as 1 au in AV Peg and about 20 au in AT Ser.

of about 1.192t,, and 1.901., respectively. Progenitors of these
massive remnants produced heavier elements without a doabt
definitely should enrich their RR Lyrae partners with metaés it
was proposed hy Kennedy ef al. (2014). Thus observatiorgbihi
metal abundances should be an independent and relatissiyesy

to confirm the binary nature of RZ Cet and AT Ser.

In addition, the wide orbits of our systems represent a perfe
opportunity to prove their binarity through direct imagifighe dis-
tance, calculated using the observed and average absahgpei-m
tude (0.6 ma@ together with a computed semi-major axis, gives
an angular distance between binary components ranging frtam
13 mas for our sample stars. This is about ten times more tiran f
stars in the Galactic bulge studied thms)ﬁdn
dition, the appropriate orientation of the orbit can furtdeuble
these numbers. On the other hand, the angular distance beuld

Minimum masses of companions were obtained according to our
expectation (see Sekl. 1). They were either very small (taaitids

to tenths ofi) or higher than the solar mass. All proposed sys-
tems have eccentric orbits, but none of them éas0.9. The ma-
jority of studied stars has an eccentricity between 0.1 aBd@nly

RS Boo and VX Her could have more eccentric orbits.

Although in many targets we could not clearly decide which
model of O—C variations is correct (only LiTE, or LiTE super-
imposed on a parabola), our models provide a predictiontfer t
period evolution in future years, as well as for RV which abul
be expected to be observed in years to come. Consequengly onl
the future can provide a reliable answer to the question lvenet
RR Lyrae stars analysed in this study are really bound inrpina
systems or not. Nevertheless, our study substantiallyndst¢he
group of suspected RR Lyrae variables in binary systemsprih

much lower. The resolution of a few mas should be reachable by liminary, estimated orbital parameters.

state-of-the-art ground-based and space instrumentauBedhe
proposed companions are low-mass, low-luminous red dtaes,
detection would be less demanding in the red part of the spact
where the difference between members of the system is less. H
ever, even in IR the difference would be several magnitud@stw
could cause some problems in detection. The most promising c
didates with the largest semi-major axes are AT Ser (13 niS),
Boo (9 mas, model 1) and RZ Cet (8 mas).
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