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ABSTRACT

We present the first paper of a series focused on the Blazhko effect in RR Lyrae
type stars pulsating in the fundamental mode, that are located in the Galactic bulge.
A comprehensive overview about the incidence rate and light-curve characteristics of
the Blazhko stars is given. We analysed 8 282 stars having the best quality data in the
OGLE-IV survey, and found that at least 40.3% of stars show modulation of their light
curves. The number of Blazhko stars we identified is 3 341, which is the largest sample
ever studied implying the most relevant statistical results currently available. Using
combined data sets with OGLE-III observations, we found that 50% of stars that show
unresolved close peaks to the main component in OGLE-IV are actually Blazhko stars
with extremely long periods. Blazhko stars with modulation occur preferentially among
RR Lyrae stars with shorter pulsation periods in the Galactic bulge. Fourier amplitude
and phase coefficients based on the mean light curves appear to be substantially lower
for Blazhko stars than for stars with unmodulated light curve in average. We derived
new relations for the compatibility parameter Dm in I passband and relations that
allow for differentiating modulated and non-modulated stars easily on the basis of
R31, φ21 and φ31. Photometric metallicities, intrinsic colours and absolute magnitudes
computed using empirical relations are the same for Blazhko and non-modulated stars
in the Galactic bulge suggesting no correlation between the occurrence of the Blazhko
effect and these parameters.

Key words: Methods: data analysis – methods: statistical – techniques: photometric
– stars: horizontal branch – stars: variables: RR Lyrae

1 INTRODUCTION

Horizontal-branch stars, that cross the classical instability
strip, are known as RR Lyrae (RRL) stars. These radially
pulsating stars have applications in many astrophysical fields
(e.g. distance indicators, Catelan & Cortés 2008) and consti-
tute the most numerous class of catalogued pulsating stars in
our Galaxy and close galactic systems (e.g. Soszyński et al.
2014, 2016). Usually they are sorted according to their light
curve shapes, which result from the mode in which they pul-
sate, into three basic historical groups: RRab (asymmetric
light curve, fundamental mode), RRc (more symmetric light
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curve, first-overtone mode), RRd (fuzzy light curve, simul-
taneous fundamental and first-overtone mode pulsations).

Substantial portion of the RRab stars shows from days
to thousands-of-days long amplitude and phase modula-
tion of their light curves known as the Blazhko (BL) ef-
fect (Blažko 1907). The mechanism standing behind the
BL effect is still a subject to discussion. Recent discov-
eries of the dynamical phenomena (such as period dou-
bling, e.g. Szabó et al. 2010) suggest that resonances be-
tween low- and high-order radial modes could play impor-
tant role in explanation of the BL effect (Kolláth et al. 2011;
Buchler & Kolláth 2011). In addition, it seems that only
modulated RRab stars show additional radial and non-radial
pulsational modes (Benkő et al. 2014; Szabó et al. 2014).
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However, we are still at the beginning of understanding
the BL effect, and no connection between physical charac-
teristics of RRL stars and modulation has been reported so
far. Simply it is not known why some of the RRL stars show
modulation and other with similar parameters not. In addi-
tion, there is some indication that BL effect could actually
be a temporary, episodic phase in RRL life (e.g. Sódor et al.
2007; Jurcsik et al. 2012).

The estimates of the incidence rate of BL stars depend
strongly on the data quality and time span of the data,
number of investigated stars, and also differ for different
stellar systems (see table 1 in Kovács 2016). For Galactic
field RRLs, recent estimates are between 35 and 60 % (based
on precise space data, Benkő et al. 2014; Szabó et al. 2014).
This discrepancy shows that these estimates could be some-
what misleading due to small number of stars available for
the statistics.

There are many other unanswered questions sur-
rounding the Blazhko phenomenon. Alcock et al. (2003),
Jurcsik et al. (2011) and Skarka (2014a) reported on slightly
shorter pulsation periods of BL stars in comparison with
non-BL stars, while Moskalik & Poretti (2003) found no
difference. Some studies showed that modulated stars are
slightly less luminous (Jurcsik et al. 2011; Skarka 2014a),
but some show the opposite (e.g. Arellano Ferro et al. 2012).
Contradictory results are also reported for metallicity esti-
mates: Moskalik & Poretti (2003) suggested that the occur-
rence rate of BL stars increases with increasing metallicity,
while Smolec (2005) and Skarka (2014a) found no metallic-
ity dependence. However, the mentioned studies are based
on various number of stars with different number of obser-
vations with different quality, in addition, in diverse stellar
systems, which could intrinsically differ. Such comparison
is, therefore, somewhat questionable. It is clear that for reli-
able statistics of any kind a large and homogeneous sample
of stars with good quality data is desired to reduce the selec-
tion effects and reasonably describe overall characteristics of
BL stars in particular stellar system.

We utilized high-quality measurements of more than
8 000 RRL stars from the Galactic bulge (GB) provided by
the fourth generation of the Optical Gravitational Lensing
Experiment (OGLE-IV, Udalski et al. 2015), and searched
for the modulation. This data set is almost perfect to se-
cure reliable statistical results on the BL effect: the obser-
vations are homogeneous (gathered with the same telescope
and through a single filter), have very good quality, suffi-
cient time span (four years + 12 years from OGLE-II and
OGLE-III if needed in some targets), and all observed stars
belong to one, essentially homogeneous group of stars. After
the identification of the BL stars, we compare their periods
and light curve characteristics with those of non-BL stars.

At this point it is good to note that we only identified
BL stars and did not perform detail analysis of the modula-
tion properties within this study. Modulation periods, ampli-
tudes and relations between them, will be elaborated in the
second paper of the series by Skarka et al. (2017, in prep.).

The article is organized as follows. Section 2 describes
the data and sample selection criteria used in this investiga-
tion. Methods for analysis of the observations are detailed
in sect. 3. The results on occurrence rate and differences be-
tween BL and non-modulated stars are presented in sect. 4.
The results and future prospects are summarized in sect. 5.

2 SAMPLE SELECTION

The OGLE survey is an ongoing long-term experiment man-
aged by University of Warsaw, Poland1. Since its begin-
ning in early nineties it underwent a few substantial up-
grades defining different phases of the survey (Udalski et al.
1992, 1997; Udalski 2003; Udalski et al. 2015). The present
phase of the project, OGLE-IV, started in 2010 at Las Cam-
panas in Chile. An 1.3-meter telescope equipped with a 262.5
megapixel 32-chip mosaic CCD camera (V and I photomet-
ric filters) is recently used for observation of the LMC, SMC,
GB, and Galactic disc (Udalski et al. 2015).

In 2014 the first data for more than 38 000 RRL type
stars (27 258 of RRab type) located in the GB gathered in
OGLE-IV were publicly released. Together with photometric
data, Soszyński et al. (2014) published a complete catalogue
with light ephemerides, mean brightness, peak-to-peak am-
plitudes and Fourier coefficients that we adopted for further
analysis2.

Not all of available observations were suitable for our
purposes. Because we aimed to search for the BL effect on
sufficiently large sample of stars, we had to take into account
the quality of the observations and number of points for par-
ticular star, secure sufficient number of stars to get reliable
statistics, use only stars located in the GB. The following
criteria were set up as the most convenient to comply all
our requirements:

(i) We used only measurements in I-band because they
contain substantially more data points than the observations
in V pass band, and have much better quality.

(ii) Stars with Galactic latitude below b = −8◦ were ig-
nored (possible membership of the Sagittarius tidal stream).

(iii) Stars from globular clusters were omitted.
(iv) Stars identified by Hajdu et al. (2015) as binary can-

didates were removed from the sample.
(v) We did not use RRL stars listed in remarks.txt file

(stored at the FTP mirror), which contains RRL with un-
certain identification.

(vi) After visual inspection we decided to use only stars
brighter than 18 mag in I because of acceptable scatter.

(vii) Stars with suspicious light curves that were probably
misclassified as RRab were ignored.

(viii) Only stars with more than 420 points (size of the
data file of 10 kB) were used.

Our final sample contains 8 282 stars that have between
420 and 8 334 data points (median 1 016). The left panel of
Fig. 1 shows the distribution of observations per star. The
‘discrete’ pattern of the histogram is because some fields
were observed more often than the others. We can see that
the majority of stars has less than about 1 200 data points.
The right-hand panel of the same figure shows the distri-
bution of main magnitudes of the sample stars. Because we
did not remove any of the bright stars from the sample, it is
likely that very few of the brightest stars are actually fore-
ground Galactic field RRLs.

The mean photometric error of a single point for stars
with mean I < 15.5 mag is 4 mmag, for faint stars with I ∼
18 mag it is about 20 mmag. The time span (TS) of the

1 http://ogle.astrouw.edu.pl/
2 ftp://ftp.astrouw.edu.pl/ogle/ogle4/OCVS/blg/rrlyr/
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Blazhko effect in the Galactic bulge 3

Figure 1. Distribution of stars according to the number of observations (the left-hand panel) and the mean magnitude (the right-hand
panel).

observations is similar for all stars: from 1 100 to 1 400 d
(median 1334 days).

3 SEARCHING FOR THE BL EFFECT

First we plotted raw observations and phase curves (using
pulsation periods determined by Soszyński et al. 2014) and
visually inspected all light curves. Although very subjec-
tive and time-consuming, this approach allowed for making
a basic idea about the data and assigning each star to one
of the three preliminary categories (clear BL effect, candi-
date, non-modulated star). It also helped to identify special
cases (for example, discovery of peculiar pulsation modes
in several RRLs, Smolec et al. 2016; Prudil et al. 2016) and
stars showing distinct seasonal changes and secular trends in
the mean magnitude suggesting blends. It should be borne
in mind that this procedure was only informative having no
influence on further analysis and decision about the presence
of the BL effect. After the visual inspection, we decided not
to remove any of the light-curve outliers because their num-
ber was generally low and their separation from the mean
light curve was mostly negligible (see Fig. 2).

Because the most prominent signs of modulation, which
is detectable also in scattered data, are the side peaks close
to the basic pulsation frequency (f0) and its multiples (kf0,
for details see Szeidl & Jurcsik 2009; Szeidl et al. 2011), we
searched for the BL effect in the frequency spectra of the
time series. The distance between side peak and the pulsa-
tion frequency defines the modulation frequency.

The side peaks would be most easily and quickly iden-
tified using fully automatic procedures employing classical
Fourier prewhitening techniques. Although this approach
would be very comfortable and spare a lot of time, we must
remember that BL effect could be very complex, and that
OGLE is a ground-based single-side survey producing data
affected by various instrumental effects resulting in various
aliases and false peaks in the frequency spectrum (typically
the frequency at ∼ 2.005 c/d, which is frequency correspond-
ing to twice the sidereal day (see Fig. 2); frequencies at inte-
ger multiples of 1/day; higher noise in low-frequency range,

etc.). Proper identification of the modulation is, therefore,
not a straightforward task. The advantages and efficiency
of individual analysis against fully automated procedures
were well demonstrated by Skarka (2014b) and Skarka et al.
(2016).

However, owing to the number of stars for analysis and
time necessary for the individual analysis, it would be ex-
tremely time consuming to perform manual step by step
prewhitening. Thus, we chose the way of the golden mean.
We automatically prewhitened frequency spectrum of each
of the sample stars with first ten pulsation harmonics

using non-linear least-squares methods, and then searched
manually for the side peaks near f0 and 2f0 in residuals
using Period04 software (Lenz & Breger 2004). Because
our goal was only to identify the BL effect, the manual
(non)identification of the side peaks was quite fast. We con-
sidered side peak as significant when it had signal-to-noise
ratio (S/N) larger than 3.53.

We adopted similar criteria as introduced in
Skarka et al. (2016) for assigning the stars to individ-
ual categories. Regarding the (non)detection of the side
peaks and their characteristics our categories are as follows:

(i) BL stars – stars with detectable side peak(s) within
f0 ± 0.3 c/d, but no closer than 1.5/TS (Nagy & Kovács
2006; Skarka et al. 2016). As a BL star we also considered
stars that showed unambiguous secular amplitude variations
with side peaks indicating modulation period longer than
2/3 TS . An example of frequency spectrum of a BL star af-
ter prewhitening with ten pulsation harmonics in the vicinity
of f0 is shown in the most-left panel of Fig. 2.

(ii) Stars with long-term/irregular period changes (PC) –
detected side peak(s) were closer than 1.5/TS , no apparent
amplitude variations in the light curve (the middle-left panel
of Fig. 2).

(iii) Candidates (cBL) – stars that have close side peak(s)
with S/N < 3.5, or side peaks with S/N > 3.5 near integer

3 The S/N is simply defined as the ratio of the amplitude of the
measured peak and the average of the amplitudes of peaks in
±1 c/d vicinity of the measured peak.

MNRAS 000, 1–13 (2016)



4 Prudil &Skarka

Figure 2. Examples of phase curves and frequency spectra around the main pulsation frequency after prewhitening with ten pulsation

harmonics. From left to the right BL, PC, candidate, and unmodulated stars are shown. The horizontal dotted lines show the average
S/N= 3.5 limit and the red vertical lines mark possition of the main pulsation frequency.

multiples of cycles per day within our limits for BL stars,
or showing many peaks near the S/N ∼ 3.5 limit where we
were unable to decide which peak could be the consequence
of the modulation. Candidate stars are typically stars with
periods close to 0.5 days where possible BL peaks interfere
with instrumental peaks (the middle-right panel of Fig. 2).

(iv) Non-modulated (nBL) – Signs of modulation unde-
tectable (Fig. 2, the right-hand panel).

Stars that showed side peaks closer than 1.5/TS were
searched for additional data in OGLE-III survey to un-
ambiguously decide about PC/BL membership. Because
OGLE-III observations usually contain significantly less
points than OGLE-IV, we combined both data sets, which is
allowed by the close similarity of the data (Soszyński et al.
2014). First we determined zero points for both datasets
by applying 6-order Fourier fit. Then we shifted and com-
bined the datasets, prewhitened 6 basic pulsation harmon-
ics and analysed the residuals. With combined dataset we
were able to determine BL periods safely up to the length
of 3 000 days, in some stars up to 4 000 days. In a few cases
the amplitudes were significantly different for OGLE-IV and
OGLE-III data. These stars were not analysed and remained
in the PC class. An example of this procedure is shown in
Fig. 3, which shows BL star with extremely long BL effect.

Finally, the light curves of all BL and candidate stars
were visually inspected once again to reveal secular or sea-
sonal changes suggesting possible blends, or some instru-
mental problems. Additional light from a close star would
change the amplitude and the mean magnitude of the target
star mimicking the BL effect (for example, due to variable
seeing). Such stars would show distinct peak in the low-
frequency range with higher amplitude than possible side
peaks. We searched for such peaks in the range between 0
and 0.2 c/d in all BL and candidate stars and identified pos-
sible problems with blends in 21 stars (including visually
identified and non-modulated stars, marked with ‘b’ in the
last column of Table 1).

Figure 3. Combined OGLE-III and OGLE-IV dataset (top-
panel) and corresponding frequency spectra (bottom panel). It
is seen that based purely on the OGLE-IV observations (middle
right-hand panel) the BL nature, represented by a tiny ampli-
tude variation, could be very hardly revealed. Dashed red hor-
izonta lines show the average S/N= 3.5 limit. The vertical red
lines mark the possition of the main pulsation freqeuncy.

4 RESULTS

We used only BL and nBL stars for comparison between
BL and non-modulated stars, candidate and PC stars were
omitted from the investigation. Thus all statistics and figures
are based purely on BL and non-modulated stars.

4.1 Incidence rate of the BL stars

Identification of the sample stars regarding four adopted
groups is in Table 1. We identified BL effect in 3 341 of the
target stars. This is almost twice as more as all cataloged
BL stars identified in all stellar systems together so far. In
29 objects (‘a’ in the column Comments in Table 1) we de-

MNRAS 000, 1–13 (2016)
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tected doublet in a vicinity of f0 (close to the other harmonic
frequencies it was not detected). Besides these objects, all of
the stars identified as modulated can be considered as firm
BL stars because at least two side peaks with equidistant
spacing from kf0 were detected in their frequency spectra,
or unambiguous secular amplitude change is apparent in 29
stars with extremely long modulation (marked with ‘lm’ in
the last column of the Table 1).

Only 26 stars were assigned to the candidate group
(‘cBL’ in Table 1), 53 other stars were identified as PC stars
(‘PC’ in Table 1). In the remaining stars no signs of modu-
lation were detected (‘nBL’ in the second column of Table
1). From the analysis of the combined datasets (i.e., OGLE-
III and IV) we find that 50 % of stars identified as PC in
four-years long OGLE-IV data are actually BL stars with
extremely long modulation periods. This finding could have
large impact on incidence rates that are estimated only on
the basis of short data sets.

The percentage of modulated stars is 40.3 %; 40.0 %
when we omit stars with only one detected side peak, re-
spectively. The true portion and completeness of BL iden-
tification is extraordinary difficult to estimate because the
amplitudes of the side peaks depend on the strength of the
modulation both in amplitude and frequency/phase, which
can be very diverse. In addition, the detectability of the side
peaks depends on the noise level, which is unique for each
star and data set. Also the human factor and used methods
could play role – some of the BL stars could be missed or
misclassified.

Figure 4 shows the noise level around the basic pulsa-
tion frequency for stars from our sample, that we identified
as non-modulated, as a function of the mean magnitude. It is
seen that the noise level increases with increasing mean mag-
nitude, which could be naturally expected due to increasing
scatter. The noise is also higher for stars with low number
of points (black crosses). The solid line is an exponential fit
of the noise level of stars with less than 500 observations
multiplied by 3.5 that schematically shows the S/N = 3.5
limit for the stars with the most noisy Fourier spectra.

In the sample of BL stars observed by the Kepler
space telescope, one fourth of the modulated stars has the
side peaks with Fourier amplitudes lower than 1 mmag
(Benkő et al. 2014). There are 1320 non-modulated stars
that have S/N = 3.5 limit larger than 0.001 mag in our sam-
ple. Possibly all of these stars could actually be BL stars in
which the modulation was undetectable. If this were true,
then these 1320 stars would constitute 28 % of all BL stars,
and the full percentage of modulated stars in the GB would
be 56 %. However, this is a huge simplification and a very
strong assumption that stands only on a very limited sample
of BL stars in the Kepler field.

The forty percent is high incidence rate in comparison
with previous studies of GB. Moskalik & Poretti (2003) es-
timated the percentage of modulated stars as 23 % (OGLE-
I), Mizerski (2003) found 25 % of stars to be modulated
(OGLE-II), Collinge et al. (2006) reported 28 % (OGLE-
II), and Soszyński et al. (2011) gives 30 % of RRab type
stars exhibiting the BL effect (OGLE-II + OGLE-III). The
rising tendency of the estimates with the longer, higher ca-
dence and better quality datasets is obvious. The current
estimates by Jurcsik et al. (2009, 47 %); Sódor et al. (2012,
43 %); Nemec et al. (2013, 43 %); and Szabó et al. (2014);

Figure 4. Noise level in Fourier amplitude spectra of non-blazhko
stars from our sample as a function of the mean magnitude. Stars
with less than 500 data points are shown with black crosses, stars
with more than 5000 points are plotted with blue crosses to high-
light the influence of number of points on the noise level. The
solid line schematically shows S/N = 3.5 limit for stars with less
than 500 observations.

Benkő et al. (2016, 47 %) show that the occurrence rate is
a bit higher for Galactic field stars than for GB stars. On
one hand, the lower percentage of GB BL stars could be a
natural property of this Galactic subsystem. Confirmation
of this possibility is of high importance because it is still
not known what physical processes rule the occurrence of
the BL effect. On the other hand, the different result for
the GB could be due to selection effects possibly caused by
different quality data with different time span. Former stud-
ies used only low number of stars (maximally several tens)
that could also distort the statistics. Unfortunately, we do
not know which possibility is more likely, because no other
study with similarly large and good-quality sample of stars
has been available so far.

A more reliable picture of the efficiency of the detection
of the BL effect and its incidence rate in GB will be avail-
able after the data gathered by mission K2 (Howell et al.
2014) campaigns 9 and 11 will be analysed. More than two
thousands of our sample stars fall on the silicon (1293 non-
modulated stars, 910 BL stars, 13 PC stars and 9 candi-
dates with flag ‘2’, see the two last columns in the Table 1).
However, due to time-limited observations, this will tell us
something only about BL stars with short modulation cycle.

4.2 Pulsation period

Fig. 6 shows the distribution of the BL stars population ac-
cording to the pulsation period in 0.05-d bins. It is seen that
the highest incidence rate of BL stars (about 48 %) appears
in stars with pulsation period of 0.5 d. Below 0.625 d the
average percentage is almost 44 %, while above this limit
it drastically falls down to 20 %. The same behaviour was
observed by Smolec (2005) in stars from GB and LMC; by
Szczygie l & Fabrycky (2007); Skarka (2014a) in stars from
the Galactic field; and by Jurcsik et al. (2011) in globular
cluster M5. All these evidences suggest that the rare oc-
currence of the BL stars in RRLs with periods longer than
0.65 d is real and has general plausibility regardless the in-
vestigated stellar system, its metal abundance and age.

Because the pulsation period roughly relates to the

MNRAS 000, 1–13 (2016)
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Table 1. Showcase of the structure of the full online table, which lists the membership to one of our groups: non-modulated star (nBL),
candidate star (cBL), BL star (BL) and PC star (PC), and observability in K2 campaigns 9 and 11 (0 – not on silicon, 1 – near silicon,
2 – on silicon). The name of a star is in a form of OGLE-BLG-RRLYR-ID. The Remark ’a’ in the Rem column means that only
one side peak was detected, ’b’ means possible blend, ‘lm’ means that modulation period is longer than 2/3TS , ‘h’ is when the side
peaks were identified in higher pulsation harmonics first, letters ‘c’ and ‘m’ means that stars are present in Collinge et al. (2006) and
Moskalik & Poretti (2003). Furthermore, we included rise time, together with calculated metalicity, (V − I)0 and absolute magnitude
in I-band. Additional information about pulsation periods, amplitudes and Fourier coefficients can be found in Soszyński et al. (2014).
The full table is available as a supplementary material to this paper. Amplitudes of the sidepeaks and modulation periods will occur in
Skarka et al. (2017), in prep.

ID Group K2-9 K2-11 Rem RT [Fe/H] (V − I)0 [mag] MI [mag]

00162 BL 0 2 0.176 -1.09 0.467 0.183
01983 PC 0 0 0.178 -0.86 0.419 0.297
01994 nBL 0 0 0.145 -0.57 0.441 0.375
08688 cBL 2 0 b 0.123 -0.98 0.406 0.274
. . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 5. Period-amplitude (Bailey) diagram together with pulsation-period distribution and distribution of pulsational amplitudes (the
left-hand panels) and plots showing the distribution of the rise time. Normal distributions with the same mean and standard deviation
are plotted with lines in the histograms for comparison.

Table 2. Comparison of the mean parameters of single-period RRL stars and stars with the BL effect. The uncertainties in the last digits
(in parentheses) are the standard 1 σ errors of the means. Fourier parameters are based on cosine fit (Soszyński et al. 2014). Metallicity,
intrinsic colour and absolute magnitude show differences only for stars with Dm < 3.

PPuls [days] AmpI [mag] R21 R31 φ21 [rad] φ31 [rad] RT [Fe/H] (V − I)0 [mag] MI [mag]

nBL 0.564(1) 0.577(3) 0.491(1) 0.319(1) 4.450(4) 2.832(7) 0.169(3) -0.962(5) 0.490(2) 0.198(2)
BL 0.533(1) 0.540(3) 0.458(1) 0.274(1) 4.367(4) 2.616(8) 0.219(8) -0.969(5) 0.487(2) 0.202(2)

mean density, the mass and size of an RRL star could be
the factors that judge the occurrence of the modulation more
than other physical parameters4. During the evolution the

4 Computed metallicity, intrinsic colour, and absolute magnitude
are the same for BL and non-modulated stars, see the forthcoming
sections.

size and density of an RRL star gradually change and could
be tuned to the ‘right’ values allowing the modulation to
rise. The mass-size parameter space for BL stars is probably
somewhat limited preventing the modulation to be present
in long-pulsation period RRL stars that have generally lower
density.

The lack of modulated stars among long-pulsation pe-
riod RRLs is the reason why the mean pulsation period of

MNRAS 000, 1–13 (2016)



Blazhko effect in the Galactic bulge 7

Figure 6. Distribution of the BL stars according to the pulsation
period. Number above each bin shows the corresponding percent-
age of BL stars in given range.

Figure 7. Diffrence in pulsation amplitudes of BL and
single periodic stars computed in 32 period bins as
∆AmpI = AmpnBL

medianI − AmpBL
medianI. The straight line shows

the linear fit.

BL stars is shorter than for nBL stars: 0.533 ± 0.001 d vs.
0.564 ± 0.001 d. The difference of 0.031 d well corresponds
to what was found by Jurcsik et al. (2011) and Alcock et al.
(2003).

4.3 Amplitudes of the light curves

Because the properties of the BL modulation have not been
investigated within this study, we are unable to investigate
light-curve amplitudes during the maximum BL phase, nor
amplitudes of modulation-free light curves. We can only in-
vestigate the amplitudes of the mean light curves for BL
stars.

Although there are some exceptions from a general
trend (as was shown e.g. by Jurcsik & Smitola 2016), it
is generally accepted, that at given period, most of the
light curves of modulated stars have amplitudes compa-
rable to single-periodic RRLs only near their maximum-
amplitude BL phase – see fig. 3 in Szeidl (1988) and fig.
1 in Jurcsik & Smitola (2016) that display amplitudes of
RRLs in M3. Therefore, we can expect that at given period

the mean light curves of BL stars will have smaller peak-
to-peak amplitude (from minimum to maximum light) than
their non-modulated counterparts.

This is to some extent apparent from the left panel
of Fig. 5, but it is obvious without a doubt from Fig. 7,
where the difference between the mean amplitudes of the
light curves of single-periodic RRLs and BL stars in 32
bins is plotted as a function of period5. To be more pre-
cise, we simply computed average value of amplitudes for
non-modulated stars in a given period bin, the same we did
for BL stars, and then we subtracted these two values. The
amplitude difference shown in Fig. 7 linearly decreases with
increasing period as:

∆AI = 0.434(46) − 0.643(86)P σ = 0.045. (1)

Because the larger is the amplitude of the BL modu-
lation, the lower usually is the total pulsation amplitude of
a BL-star light curve, and because we see the largest differ-
ence in short-pulsation period RRLs, our result supports the
finding by Jurcsik et al. (2005). They proposed that short-
pulsation period BL stars can have both small and large
modulation amplitudes, while long-period BL stars can have
only small modulation amplitudes (resulting in smaller dif-
ference between BL and single-periodic RRLs).

4.4 Rise time

From the mean light curves we also estimated the rise time
(RT), which is the phase difference between maximum and
minimum light. Modulated stars have generally less skewed,
more symmetric mean light curves with smaller amplitudes,
thus, we can expect larger RT for BL stars. This is really
observed: the mean RT of the BL stars is 0.2048(8), while
nBL stars have the mean RT = 0.1690(4). The difference
is clearly seen in the right-hand panels of Fig. 5. The RT
of BL stars is never less than approximately 0.16, while the
majority of non-modulated RRLs has RT lower than 0.16.
This finding could be used for the first, rough identification
of BL stars in future classifications.

4.5 Low-order Fourier coefficients

The mean values of Fourier parameters6 are systematically
lower for BL stars than for stars with non-modulated light
curve (see Table 2), which is naturally expected from the
same reasons why RT is larger7. The lower values for BL
stars are clearly apparent in all panels of Fig. 8.

The Fourier parameters are correlated, which means
that one parameter can be expressed as a linear combina-
tion of the others. The agreement between computed and
observed values can serve as a criterion for testing whether
a particular light curve is similar to the majority of RRL

5 The most short- and long-period regions were omitted from the
calculations because of low number of stars.
6 Fourier parameters were introduced by Simon & Lee (1981) on
Cepheid light curves. The parameters are defined as: Ri1 = Ai/A1

and φi1 = φi − iφ1, where Ai and φi are amplitudes and phases
of the pulsation harmonics of the Fourier decomposition.
7 We note again that we used exclusively parameters derived and
provided by Soszyński et al. (2014).
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Figure 8. Low-order Fourier parameters. Normal distributions are shown with lines for comparison. Description of each plot is similar
as in Fig. 5.

stars or not. The mean light curves of BL stars can, espe-
cially when the strong modulation is present, significantly
differ from those of single-periodic stars. Jurcsik & Kovacs
(1996) introduced the so-called deviation parameter DF ,
which reflects the normality of the light curve in V pass-
band. In addition, value of this parameter indicates whether
their empirical equation for metallicity determination can
be used for a particular star or not.

We followed their approach and determined new linear
interrelations between Fourier amplitudes and phases in I
filter. We used only 2260 non-modulated stars that are be-
tween 15 and 17 mag, have more than 900 observations, and
do not have pulsation periods between 0.49 and 0.51 d to se-
cure good quality light curves with homogeneous phase cov-
erage. From the prewhintening procedure we have Fourier
decomposition into ten sine harmonics that we used for this
purpose8.

8 Soszyński et al. (2014) do not provide amplitudes and phases
of the Fourier decomposition.

For each amplitude and phase up to the 6th order we
performed linear fits with various combinations of other pa-
rameters. Because the Fourier coefficients are correlated, by
using different combination of parameters one can get very
similar results. Additional problem is that the more parame-
ters are used, the better is the fit. Because classical decisive
criteria (BIC, AIC) fail, one cannot easily decide what fit
is the best. Therefore we used the full parameter fits em-
ploying all parameters. In Table 3 we give the solution. The
most correlated components of the fits are highlighted with
italics.

Calculated versus observed parameters are shown in
Fig. 9. We also show how observed and calculated coeffi-
cients correlate in case when only particular amplitudes and
phases used by Jurcsik & Kovacs (1996, given in their table
6) are used for the fit.

The compatibility parameter DF is calculated accord-
ing to eq. (6) from Jurcsik & Kovacs (1996) as DF = |Fobs−
Fcalc|/σF , where Fobs and Fcalc rely to observational and cal-
culated values of particular Fourier parameter F according
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to fit in Table 3 (with the standard deviation σF ). The max-
imum of {DF } is Dm that actually serves for the decision
about applicability of the metallicity formula (in case that
Dm < 3).

As was pointed out by Cacciari et al. (2005), the Dm

parameter cannot be effectively used for distinguishing be-
tween non-modulated and BL stars as was originally sug-
gested by Jurcsik & Kovacs (1996), because lot of BL stars
have Dm < 3. However, among stars with Dm > 3 almost
all stars are modulated! It is clearly seen in Fig. 10. While
umodulated stars with all possible Dm and BL stars with
Dm < 3 follow the same trend, BL stars with Dm > 3 are
located in completely different area in the R31 vs. φ31 and
φ21 vs. R31 planes.

This led us to define new limit for BL stars that is al-
ternative for the Dm criterion. The main streams in the R31

vs. φ31 and φ21 vs. R31 planes can be described by the poly-
nomials in the following form:

φ21 = 5.31 −6.53R31 +32.4R2
31 −60.7R3

31,
±0.04 ±0.53 ±2.1 ±2.7,

(2)

R31 = −0.66 +1.1φ31 −0.36φ2
31 +0.033φ3

31,
±0.03 ±0.03 ±0.01 ±0.001

(3)

The dispersion of eq. 2 and eq. 3 is σ = 0.083 rad and
σ = 0.015, respectively. As it is seen from the Fig. 10 and
from the Table 4, the population of stars below 3σ from the
fit consists from 94 % of BL stars. In other words, our equa-
tions could help to identify new BL stars in large sample
of stars with 94% probability. We performed detail analysis
of 360 randomly chosen non-modulated stars below the 1σ
region and identified only 8 additional stars that are in fact
modulated, which is 2.2 % of all stars in this region9. This
percentage could serve as the estimation of our failure in
searching for the BL effect due to human factor and used
methods. It is worth to note that these 8 stars are some-
what peculiar because the side peaks at higher harmonics
have larger amplitudes than side peaks around f0 and 2f0

10,
where we originally searched for the peaks.

4.6 Metallicity

For stars that meet the Dm < 3 criterion, we can apply
the empirical relation by Jurcsik & Kovacs (1996) modified
for I filter by Smolec (2005, his equation 2) and investigate
differences in metallicity for BL and non-modulated stars.
The results, that are shown in Fig. 11 and in Table 2, suggest
that there is no difference in metallicity between the two
groups of stars at all. Thus, the (non)presence of modulation
in a particular star depends more likely on other physical
parameters (such as, for example, the size and density) than
on the metal abundance. Similar results for the GB were
already reported by Smolec (2005), and by Skarka (2014a)
for Galactic field stars.

9 These stars are marked with ‘h’ in Table 1.
10 In some of the stars the side peaks around f0 and 2f0 were
even undetectable.

4.7 Intrinsic colours and absolute magnitudes

Following Pietrukowicz et al. (2015), we computed the in-
trinsic colour (V − I)0 using theoretical calibrations by
Catelan et al. (2004) based on calculations of synthetic hor-
izontal branches. This approach simplifies the problem and
allows for computing the intrinsic colour without knowing
the extinction. The used formula is:

(V − I)0 = 1.817 + 1.132 log P + 0.677 log Z + 0.108(log Z)2,

(4)

where log Z is calculated as

log Z = [Fe/H] − 1.765. (5)

BL and non-modulated stars with Dm < 3 have the same av-
erage (V −I)0 suggesting that there is no correlation between
BL effect and colour in the GB (see Table 2 and Fig. 12).

Absolute magnitudes in various pass bands could also be
computed using the calibrations provided by Catelan et al.
(2004). In Table 2 we give the absolute magnitude in I for
both groups calculated as:

MI = 0.417 − 1.132 log P + 0.205 log Z, (6)

(eq. 3 in Catelan et al. 2004). The mean values in Table 2
show that modulated and nBL stars with Dm < 3 have the
same average photometric absolute magnitude/luminosity.

4.8 Spatial distribution

The distribution of modulated stars seems to correlate with
the spatial distribution of stars with nBL light curve with
no preference towards any direction (Fig. 13). To our knowl-
edge, this is for the first time when the investigation in spa-
tial distribution of BL stars is possible. In calculation of
the distance to the stars we followed exactly the same pro-
cedure as described in Pietrukowicz et al. (2015). First we
calculated extinction following Nataf et al. (2013):

AI = 0.7465E(V − I) + 1.3700E(J −K) (7)

where

E(V − I) = (V − I) − (V − I)0. (8)

The intrinsic colour index (V − I)0 is calculated using
eq. 4, (V −I) is the observed colour, which is the least certain
value because V -observations contain typically only between
several tens and a few hundreds of data points. The redden-
ing E(J−K) comes from Gonzalez et al. (2012). Finally the
distance is calculated as

d = 101−0.2(I−AI−MI ). (9)

Although the incidence rate of modulated stars slightly
differs at different coordinates and distances, we did not de-
tect any significant inhomogeneity, nor clustering of modu-
lated stars (Fig. 13). Observed amplitudes and periods also
do not show any apparent preference for any location or di-
rection. Therefore, we see that BL and single-periodic stars
are well mixed and that spatial distribution has no influence
on the BL effect.

MNRAS 000, 1–13 (2016)



10 Prudil& Skarka

Table 3. Coefficients of the linear fit for the Fourier coefficients.

Const A1 A2 A3 A4 A5 A6 φ21 φ31 φ41 φ51 φ61 σ

A1 -0.08(1) - 1.23(4) 0.62(6) -1.07(7) 1.5(1) 0.5(1) 0.045(6) -0.003(4) -0.008(2) 0.0027(6) 0.0014(4) 0.008
A2 -0.082(5) 0.243(8) - 0.58(3) 1.08(3) -1.18(5) 0.14(5) 0.022(3) 0.005(2) -0.0056(6) 0.0006(3) -0.0009(2) 0.003
A3 0.050(4) 0.36(2) 0.076(8) - 0.06(3) 0.59(4) -0.23(4) 0.009(2) -0.011(2) 0.00005(50) -0.0023(2) 0.0013(4) 0.003
A4 0.059(3) -0.075(6) 0.38(1) 0.03(2) - 0.8(3) -0.26(3) -0.024(2) -0.001(1) 0.0060(4) 0.0004(2) -0.0006(1) 0.002
A5 -0.035(2) 0.049(4) -0.203(8) 0.16(1) 0.4(1) - 0.67(1) -0.016(1) 0.0150(6) -0.0038(3) 0.0001(1) -0.0005(8) 0.002
φ21 0.22(4) 0.5(7) 1.3(2) 0.8(2) -4.1(3) -5.5(4) 5.0(4) - 0.426(9) 0.038(5) -0.007(2) -0.005(2) 0.026
φ31 1.94(6) -0.1(1) 0.8(3) -2.8(4) -0.6(5) 14.3(6) -14.7(5) 1.16(3) - 0.022(8) 0.005(4) 0.013(3) 0.043
φ41 -6.34(9) -1.5(3) -5.2(7) 0.1(1) 15(1) -20(2) 25(1) 0.58(8) 1.24(5) - 0.073(8) -0.010(6) 0.102
φ51 4.4(4) 3.7(8) 4(1) -26(2) 8(3) 5(4) -1(3) -0.9(2) 0.2(1) 0.56(6) - 0.45(1) 0.281

Figure 9. Calculated versus observed Fourier parameters. The straight line shows the 1:1 ratio.

Table 4. Occurence rate of the BL stars and the total number of
stars in different distances below the fits.

nσ R31 vs. φ21 R31 vs. φ31

1 73.9 % (3231) 71.5 % (3695)
2 89.0 % (2111) 78.7 % (2855)
3 94.4 % (1602) 83.6 % (2281)

5 SUMMARY AND CONCLUSIONS

We performed a detailed, semi-automatic analysis of the fre-
quency spectra of 8282 fundamental mode RRL stars located
in the GB aiming to identify the BL effect. To increase the
chance to detect the modulation, we used only high-quality
observations of the OGLE-IV project and carefully selected
stars with suitable data. After prewhitening the spectra of
all 8282 stars with ten pulsation harmonics we performed
thorough visual inspection of the vicinity of the main pulsa-
tion component f0 and its harmonic 2f0 to identify possible
side peaks. After identification of BL stars we were able to
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Figure 10. Relation of R31 with low order phase parameters. The polynomial fits (equations 2 and 3 are shown with the solid line
together with 3σ limits.)

Figure 11. Distribution of metallicity for BL and single-periodic
stars with Dm < 3. Gaussian distributions with the same param-
eters as have the corresponding populations are shown with lines
for comparison.

Figure 12. Distribution of (V − I)0 for BL and single-periodic
stars with Dm < 3. The percentage of BL stars is shown above
each bin.

compare their basic pulsation properties, light curve char-
acteristics and (computed) physical parameters with those
of RRL stars without modulation. The main results of our
work can be summarized in the following points:

(i) We identified 3341 stars with modulation, which is al-
most twice as much as is the number of all catalogued BL
stars in all stellar systems so far. In addition, we identified
26 candidate stars and 53 stars showing secular/irregular
period changes.

(ii) Half of the stars identified as PC in OGLE-IV data set
appeared to be BL stars in combined OGLE-III+OGLE-IV
data sets revealing the shortcomings of BL statistics based
on dataset with short time span.

(iii) The occurrence rate of BL stars is 40.3 %, which is
about 10 % more than were previous estimates in the GB,
and a bit less than are the current estimates for stars in
the Galactic field. The true percentage is, however, surely
higher than 40.3 %. There are a few reasons for that. For ex-
ample, the incidence rate of identified stars is lower for stars
with low number of observations; BL effect with the lowest
amplitudes detected in space data could not be detected in
available ground-based observations, etc.

(iv) We bring clear and statistically significant evidence
that BL stars occur rarely among stars with pulsation pe-
riods longer than 0.65 d. Due to the large analysed sample
and good quality data this could hardly be an observational
bias (as it could be in some of the publications in literature).
Because also other published studies on various studied stel-
lar system suggest similar trend, presence of BL stars only
among short-pulsation period RRL stars has very likely gen-
eral plausibility.

(v) All the mean light curve characteristics of modulated
stars related to amplitudes and phases are smaller than for
non-modulated stars. The average difference in the total
mean amplitudes is linearly period-dependent with the mean
value 0.094(13) mag. The difference is significantly larger for
stars with pulsation periods shorter than 0.425 d and smaller
for stars with periods longer than 0.6 d.

(vi) We derived new interrelations between Fourier coeffi-
cients in I passband that allow to calculate the compatibility
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Figure 13. Spatial distribution of sample BL (white circles) and non-modulated stars (blue circles). The larger are the points, the longer
is the pulsation period. In the top right-hand panel, the size of circles is proportional to the pulsation amplitude, for comparison.

parameter Dm. We show that BL stars with Dm > 3 sig-
nificantly differ from other BL and non-modulated stars in
R31 vs. φ31 and φ21 vs. R31 planes. Regarding this finding,
we propose a new approach for identification of BL stars us-
ing new empirical polynomial relations (eq. 2 and 3). The
portion of the BL stars further than 3σ below the fitted
polynomials is 94 %.

(vii) Using empirical relations we computed metallicity,
intrinsic colour, and absolute magnitude for stars with Dm <
3. Modulated stars in the GB show the same metallicity, in-
trinsic (V −I)0 colour index and absolute magnitude as stars
with nBL light curve suggesting that there is no connection
of the occurrence of the BL effect with these parameters in
the GB.

It is not clear at the moment whether our percentage
represents general incidence rate of the BL stars in all stellar
systems, or whether it is a unique, intrinsic characteristic of
the GB RRL stars.

Our results show that searching for statistical differ-
ences between BL and non-BL stars based purely on single-
filter photometry cannot help much in solving the BL
enigma, even when using very good quality OGLE-IV ob-
servations and large number of stars. The (non)presence of
the BL effect in a particular RRL star is likely influenced
mainly by mass and size of an RRL star because these pa-
rameters are directly connected with the pulsation period.
Because BL effect is very rare among RRL stars with long-
pulsation periods, it could be likely that modulation occurs
only in stars that have precisely tuned mass and size, i.e.,
density. A certain mass-size limit could explain why modu-

lation is common only in short-pulsation period RRL stars
and explain the sudden (dis)appearance of the modulation
reported in literature for several stars (e.g. RR Gem and V79
M3 Sódor et al. 2007; Goranskij et al. 2010). The detail in-
vestigation of this idea would need extensive pulsation and
evolution modelling complemented with thorough analysis
of the observational data, which is certainly out of scope of
this general paper.

Further details about BL stars in GB will be elaborated
in the forthcoming papers by Skarka et al. (2017, modula-
tion periods and amplitudes) and Prudil et al. (2017, the
Oosterhoff phenomenon).
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