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ABSTRACT

Based on the multiband (BVRIJHK L) photometric observations of the active red giant PZ
Mon performed for the first time in the winter season of 2017–2018, we have determined
the main characteristics of the spotted stellar surface in a parametric three-spot model. The
unspotted surface temperature is Tef f = 4730 K, the temperature of the cool spots is Ts=
3500 K, their relative area is about 41%, and the temperature of the warm spots is Tw≈4500 K
with a maximum relative area up to 20%. The distribution of spots over the stellar surface
has been modeled. The warm spots have been found to be distributed at various longitudes
in the hemisphere on the side of the secondary component and are most likely a result of its
influence.
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INTRODUCTION

The red giant PZ Mon (HD 289114, V ≈ 9.3 mag, K2III) is an
RS CVn variable star (a period of 34.13 days) with a pronounced
activity (Pakhomov et al. 2015) and a low-mass component syn-
chronously revolving in a circular orbit (Pakhomov & Gorynya
2015). The activity of stars of this type manifests itself as vari-
ability of the brightness modulated with their rotation period and is
usually explained by the interaction with the gravitational and mag-
netic fields and the radiation field of the companion, which affect
the structure of the atmosphere and magnetic field of the primary
component. At the locations where the magnetic field lines emerge
the convective energy transfer is suppressed, which leads to some
surface cooling relative to the quiet photosphere and the appearance
of cool temperature spots. The amplitude of brightness variations
depends on the physical characteristics of the stars in the binary
system. According to the catalogue by (Eker et al. 2008), signifi-
cant brightness differences, up to 0.3m, are observed in the case of
close stars with a mass ratio q = M2/M1 > 0.3 and in the case of
a hot companion. Doppler tomography is applied to study the mag-
netic field of stars. This method requires polarimetric spectroscopic
observations with a high resolution and a high signal-to-noise ra-
tio, which restricts considerably the number of accessible objects.
An analysis of photometric light curves allows the surface struc-
ture and evolution of cool temperature spots to be studied qual-
itatively for a large number of objects, including faint ones. The
component mass ratio in the binary system PZ Mon, q = 0.09, is
the minimum one among the known synchronous RS CVn stars,

while the brightness amplitude is significant, up to 0.10-0.15m in
the B and V bands. At the same time, the active region is fairly sta-
ble and is always located on the side of the secondary component
(Pakhomov & Gorynya 2015; Pakhomov et al. 2017). This deter-
mines the interest in studying the nature of the activity of PZ Mon
and the extent to which it is affected by the secondary component.

From October 2017 to April 2018 photometric observations of
PZ Mon were performed for the first time in a wide spectral range,
from the optical one in the B band to the infrared in the L band.
The goal of this paper is to determine the photospheric character-
istics of the active giant PZ Mon at the epoch of observations by
analyzing and modeling its light curves. In Section 1 we describe
our photometric observations. In Section 2 we analyze the maxima
and amplitudes of the light curves and estimate the parameters of
cool and warm spots. In Section 3 we construct a model for the
distribution of spots over the surface of PZ Mon that describes its
photometric characteristics. Next we present a discussion of our
results and our conclusions.

1 OBSERVATIONS

Our photometric observations of PZ Mon were performed with
three instruments in the winter season of 2017–2018. From De-
cember 26, 2017, to March 7, 2018, we carried out seven obser-
vations in three bands, BV RC , each of which consisted of several
exposures, with the 1.25-m AZT-11 telescope of the Crimean As-
trophysical Observatory using a five-channel ProLine PL230 pho-
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Figure 1. BVRC IC light curves of PZ Mon. The squares and circles
are the data obtained at the Kourovka Astronomical Observatory and the
Crimean Astrophysical Observatory, respectively. The dashed curves are
the computed light curves. The scale along the magnitude axes is the same.

tometer equipped with an e2v CCD230-42 CCD array. The re-
duction to the standard Johnson–Cousins photometric system was
based on the previously determined transformation coefficients.
The accuracy of our magnitude measurements ranged from 0.007m

to 0.010m. From January 5 to April 3, 2018, we performed 12 ob-
servations in four bands, BV RC IC , with the 0.45-m AZT-3 tele-
scope of the Kourovka Astronomical Observatory, the Ural Fed-
eral University, using an FLI PL230 CCD camera (e2v CCD230-
42-1-143, 2048×2048, 15 µ pixel size). The reduction to the stan-
dard Johnson-Cousins photometric system was made using stars
in the same frame based on data from the APASS catalogue
(Henden et al. 2015). The accuracy of our magnitude measure-
ments ranged from 0.008m to 0.015m. From October 11, 2017, to
February 15, 2018, we carried out nine observations in four bands,
JHK L, with the 1.25-m ZTE telescope at the Crimean astronom-
ical station of the Sternberg Astronomical Institute, the Moscow
State University, using an infrared photometer based on an InSb
photovoltaic detector. The accuracy of our magnitude measure-
ments ranged from 0.02m to 0.03m. The total time of our obser-
vations covers about five axial rotation periods of PZ Mon, the bulk
of which are within two periods. According to the ASAS-SN pho-
tometry (Pojmanski 1997)1, there were no changes in the bright-
ness maxima and amplitude at the epoch under study. Although
the accuracy of ASAS magnitude measurements is relatively low
(0.02–0.05m), such a stable behavior is typical for the star under
study and, hence, it is possible to investigate the light curve of PZ
Mon folded with the previously found period. The epoch for zero
phase was taken to be JD 2454807.2, corresponding to the bright-
ness maximum. Multicolor photometry for PZ Mon in such a wide
range of bands has been obtained for the first time. Figures 1 and 2
show the light curves for the optical and infrared ranges, respec-
tively. For clarity, the scale along the magnitude axis was kept the
same for all the light curves.

1 https://asas-sn.osu.edu/variables
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Figure 2. JHKL light curves of PZ Mon. The dashed curves are the light
curves computed with a shift whose value is presented in the lower left
corner of each plot. The scale along the magnitude axes is the same as that
in Fig. 1.
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Figure 3. Observed brightness amplitude (circles) versus effective wave-
length of the bands. The dashed curve indicates the computed amplitudes
that describe best the observations.

2 PHOTOMETRIC CHARACTERISTICS OF PZ Mon

The same behavior of the light curves and a gradual decrease in the
amplitude with increasing effective wavelength of the band can be
seen in Fig. 1 and 2 drawn on the same scale. The largest amplitude
(Fig. 3) is typical for the short-wavelength B and V bands, while
the amplitudes for the infrared bands are comparable to or smaller
than the observational errors; the IR brightness hardly exhibits any
variability.

2.1 Coll spot

The colors derived from BV RI JHK L observations depend on
the star’s effective temperature and are used for its estimation. Fig-
ure 4 shows the effective temperatures of PZ Mon determined from
various colors based on synthetic spectra (Bessell et al. 1998). Tef f
for the B−V color is close to its value obtained by analyzing opti-
cal spectral lines (Pakhomov et al. 2015), while a different picture
is observed for other colors: Teff decreases with increasing effec-
tive wavelength of the band. On average, the values of the B−V

color itself lie in the range from 1.16m to 1.18m, which has been
observed already for a long time even at considerable brightness
V differences from 9.0m to 9.5m. These observational facts can
be interpreted as the presence of a cool region with a consider-
able area in the stellar photosphere (Pakhomov et al. 2018). Indeed,
a surface considerably cooler than the quiet photosphere emits
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Figure 4. The effective temperatures of PZ Mon determined from the ob-
served colors at maximum light (circles) and the reconstructed colors (trian-
gles). The straight line is the value of Teff estimated from our spectroscopic
observations with the error indicated by the dashed lines.

much less energy in the visible range, for example, in the B band:
F(4730K)/F(3500K) ≈ 20; therefore, its presence is not revealed
by an analysis of the short-wavelength part of the optical range. The
cool region is much more pronounced in the long-wavelength part
of the spectrum (in the K band: F(4730K)/F(3500K) ≈ 1.5), as a
result of which the temperature determined from increased IR col-
ors will be considerably underestimated. Figure 5 shows the color
excesses at the brightness maximum of PZ Mon relative to a normal
unspotted star with the same parameters (Tef f =4730 K, log g=2.8,
[Fe/H]=0.07, E(B−V)=0.06 mag). Both the observed values and
the computed ones in the presence of a spot with Ts=3500 and
4000 K and its area S from 0 to 50% are displayed. The com-
putations were carried out by interpolating the grid of magni-
tudes mX (Tef f , lg g, [Fe/H]) in the corresponding bands X from
(Bessell et al. 1998)2. The magnitudes of the spotted star were
computed by partially taking into account the limb-darkening ef-
fect (the magnitudes mV themselves from the grid of models in-
clude this effect, but the distribution of spots over the surface is not
considered at the moment) from the relation

mX = −2.5 lg(10
−0.4ms

X S + 10−0.4mX (1 − S)) −

−5 lg
θ

2
+ E(B − V)RX (1)

where ms
X

is the magnitude of 1 cm2 of the cool stellar surface at

Ts=3500 K, mX is the magnitude of 1 cm2 of the unspotted stellar
surface at Tef f = 4730 K, θ = 0.29 mas is the angular diameter of
PZ Mon, RX = AX/E(B−V) is the ratio of the extinction in the
band to the B−V color excess. We adopted E(B−V)=0.06 mag,
RX= 4.08, 3.10, 2.58, 1.85, 0.88, 0.56, 0.34, and 0.28 for the
BVRI JHK L bands, respectively.

Pakhomov et al. (2018) estimated the cool spot temperature
Ts=3500 K by analyzing the TiO molecular band. It can also be
seen from Fig. 5 that a considerable B−V color excess is expected
at a higher temperature, Ts=4000 K, but this is not observed. The
color excesses agree with the computed values for an area of the
cool region 41±2% of the visible stellar surface. We can use these
values together with the observed ones and reconstruct the colors
and temperature of the unspotted surface of PZ Mon. Such recon-
structed temperatures for different colors are presented in Fig. 4.
The mean effective temperature Tef f =4717±45 K computed using

2 http://wwwuser.oats.inaf.it/castelli/grids.html
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Figure 5. Color excesses of PZ Mon relative to a normal star with param-
eters Te f f /log g/[Fe/H]/E(B−V )= 4730/2.8/0.07/0.06: the circles are the
observed values for the epoch of PZ Mon observations; the solid lines in-
dicate the theoretical values computed for a star with a spot temperature
Ts=3500 K and a relative spot area S from 0 to 50%; the dashed lines in-
dicate the theoretical values computed for a star with a spot temperature
Ts=4000 K.
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Figure 6. Spectral energy distribution for PZ Mon (circles) compared to a
normal star (dashed curve) with parameters Te f f /log g/[Fe/H]/E(B−V )=
4730/2.8/0.07/0.06. The solid curve is the theoretical distribution in the
presence of spots with Ts= 3500 K and a relative area S = 41%.

all colors is in good agreement with Tef f =4700±100 K, the tem-
perature determined by analyzing spectral lines (Pakhomov et al.
2015), and Tef f =4730±50 K derived from our 2016–2017 pho-
tometric data (Pakhomov et al. 2018). In what follows, we adopt
Tef f =4730 K.

When computing the magnitudes (eq.1), the effects of inter-
stellar extinction and cool spots are similar. Both these effects exert
a smaller influence in the IR part of the spectrum than in the visible
one, i.e., E(B−V) and S are dependent quantities, i.e., an increase in
one of them leads to a decrease in the other. The previously adopted
E(B−V)=0.06 mag was derived from the observed B−V color and
the normal one computed for the temperature Tef f =4700 K de-
termined by analyzing the spectrum. To estimate the influence of
the accuracy of the interstellar reddening E(B−V) on the accu-
racy of the spot area S, we approximated the magnitudes of PZ
Mon at maximum light by the theoretical values (eq.1) using the
Levenberg–Marquardt method. The results of our computations are
S=38±6% and E(B−V)=0.08±0.03, which confirm the values ob-
tained previously within the error limits.

In the presence of such a significant cool region, significant
brightness fluctuations, especially in the B band, with an amplitude

MNRAS 000, 1–?? ()



4 Yu.V.Pakhomov et al.

up to −2.5 × log(1 − 0.4 + 0.4 ∗ 1/20) = 0.52m are also expected.
However, the brightness amplitude in the B and V bands for PZ
Mon does not exceed 0.15m. The variability cannot be caused by
the cool region, because, in that case, the B−V color should not
change, but it is variable. This can be explained by the constant
presence of a cool region on 41% of the visible stellar hemisphere,
i.e., either the presence of a polar spot, because at the inclination
of the rotation axis of PZ Mon i = 67◦ (Pakhomov & Gorynya
2015) one of the poles is always visible, or a uniform distribution
of spots over the entire photosphere. Both options most likely play
their role.

This model describes well the spectral energy distribution for
PZ Mon computed, according to Bessell et al. (1998), from the
fluxes in individual bands (see Fig. 6, where the first point cor-
responding to the U band was taken from Pakhomov et al. (2018)).

2.2 Warm spot

The model of a cool polar spot describes well the brightness max-
ima of PZ Mon, but to describe the amplitudes of brightness vari-
ations in different bands, it is necessary to add spots with a tem-
perature higher than that for the polar spot Ts , but lower than that
for the quiet photosphere Tef f . The brightness amplitudes can be
calculated from a formula similar to (eq.1) with the addition of a
parameter characterizing warm spots with an area Sw

∆mX = −2.5 log[10
−0.4ms

X Ss + 10−0.4mX (1 − Ss)] −

−2.5 log[10
−0.4ms

X Ss + 10
−0.4mw

X Sw +

+10−0.4mX (1 − Ss − Sw)] (2)

where the index s refers to the cool spots, w refers to the
warm spots, and no index refers to the unspotted surface with
Tef f =4730 K. In Eq.(2) we use the information that the warm
spot is located only in the hemisphere on the side of the sec-
ondary component, i.e., it does not manifest itself at the bright-
ness maximum of PZ Mon. The polar spot is always present with
fixed parameters Ts=3500 K and Ss=41%. Since mw

X
= f (Tw),

∆mX = f (Tw, Sw) and the temperature and area of the warm spots
can be estimated from the observed amplitudes. We have these two
unknowns and five Eqs.(2) for the BV RI J bands (the accuracy
of observations for the longer-wavelength bands is insufficient)
and obtain Tw=4493±106 K, Sw= 20 ± 1% using the Levenberg–
Marquardt method. The computed amplitudes for these parameters
describe the observed ones with an accuracy exceeding the obser-
vational errors (Fig. 3).

3 MODEL OF THE SPOTTED PHOTOSPHERE OF PZ

MON

We constructed a model for the intensity distribution over
the surface of the star under study bytechnique similar to that in
Pakhomov et al. (2018). On a 720×360 map there are a cool po-
lar spot with a radius of 63.7◦ (this provides 41% of the visible
surface, given the limb-darkening effect) and a warm equatorial re-
gion that is represented by a slightly different model in this paper.
It is also located along the equator and is symmetric relative to it.
The shape of the spot is specified at grid points with a longitudes
l from −90◦ to 90◦ and a 30◦ step. The zero meridian is directed
toward the secondary component of this binary system. For all lon-
gitudes |l | > 120◦ the latitude of the edge of the warm region is

0
o

90
o

180
o

270
o

4730 K 4480 K 3500 K

 -180                        -90                                                                       90                                180

90

 

 

 

 

 

 

 

 

0

 

 

 

 

 

 

 

 

 

-90

 

 -180                        -90                                                                       90                                180

90

 

 

 

 

 

 

 

 

0

 

 

 

 

 

 

 

 

 

-90

 

Figure 7. Maps of the temperature distribution over the photosphere of
PZ Mon. The left and right maps were constructed based on the computed
model parameters and the variations in parameters, respectively. Ortho-
graphic projections of the star at different longitudes of the central meridian
are shown at the top.

set equal to zero, because when observing the opposite hemisphere
(this corresponds to the brightness maximum), we describe well
this part of the light curve without invoking warm spots. All points
were connected by an Akima spline, which gives a smooth shape
of the region under consideration, because the values of the spline
between the grid points are within the range of their values. As a re-
sult, we have eight parameters (seven latitudes and the temperature
Tw) that we searched for using the Levenberg-Marquardt nonlinear
fitting method. The limb-darkening effect was taken into account
with the coefficients from van Hamme (1993).

We restricted ourselves to fitting the data for only two bands,
B and V , because they have the smallest observational error and
the most reliable magnitudes. During our modeling we computed
the light curves in all bands. As an initial approximation we used
Tw=4500 K and two types of spots: (1) in the form of a strip?the
latitude of all points is the same and the filling factor is equal to the
previously found estimate of 20%; (2) in the form of a wide spot at
the central meridian within the range of latitudes |l | < 60◦. In both
cases, the solutions converged at close values of the parameters
and the computed light curves describe the observed ones with a
0.01m accuracy (Figs. 1 and 2). The temperature of the warm spots
is Tw=4480±80±200 K, where the first and second errors corre-
spond, respectively, to the uncertainties in the temperature at fixed
spot shape and area and when all parameters are free.

Figure 7 presents the modeling results. The left map was con-
structed based on the computed parameters. The surface tempera-
ture is defined by three values: Tef f =4730 K for the quiet photo-
sphere, Ts=3500 K for the cool polar spot, and Tw=4480 K for the
warm equatorial spot. Orthographic projections of the star at dif-
ferent longitudes of the observed central meridian are shown at the
top. The right map was constructed based on the variations in pa-
rameters. Each parameter, i.e., the latitude of the spot boundary at
a specific grid point, was varied by a value from −4◦ to +4◦ with a
2◦ step. We performed more than 80 000 computations of individ-
ual maps. Then, each point of the map was averaged with a weight
inversely proportional to the square of the error in describing the
observations, which ranged from 0.010m to 0.025m . Due to the av-
eraging, the temperature range for the warm spot Tw from 4480 to
4720 K is presented on this map. We see that both maps are very
similar; an extended region from the zero meridian to 90◦ and an
almost isolated spot near l = −60◦ are identified. Despite the fact
that we used only two of the eight bands in fitting the observations,
the computed values for most of the other bands do not differ from
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the observed ones within the error limits. The largest discrepancies
(their values are shown in Fig. 2 in the lower left corner of each
plot) were revealed for the infrared H and L bands. The deviations
for these bands are also seen in Figs. 4 and 5 and may be related to
the observational errors.

4 DISCUSSION AND CONCLUSIONS

The parametric three-component model of the temperature distribu-
tion over the photosphere of the active giant PZ Mon constructed in
this paper describes all of the light curves in different bands, from
the blue B (λcen = 4380 Å) to the infrared L (λcen = 34 500 Å),
within the observation error limits. The model consists of a quiet
photosphere withtemperature Tef f =4730 K, a polar spot with a ra-
dius of 63.7◦ and a temperature Ts=3500 K, and an equatorial re-
gion with an intermediate temperature Tw=4480 K located in the
hemisphere on the side of the secondary component. The map in
Fig. 7 is similar to the map constructed by Pakhomov et al. (2018)
for the epoch of early 2015, when the light curve exhibited a similar
behavior. An extended region to the right of the zero meridian and
an isolated spot near l = −60◦ are also present. The entire active
warm region is distributed over a wide range of longitudes rather
than is concentrated near the zero meridian, as was assumed previ-
ously. It seems impossible to identify one single active longitude.

This simple and approximate model does not describe the
latitude distribution of spots and the effects of differential rota-
tion, which is also inaccessible to more complex methods based
on a light-curve analysis and an inverse-problem solution (see e.g.
Savanov & Strassmeier 2008)) this requires a spectroscopic moni-
toring of the star and highly accurate photometric data. However,
the contribution of both warm and cool spots for each individual
longitude must be close to their real values. Doppler tomography
and interferometric observations of stars with spots in RS CVn
binary systems show a similar situation: both cool polar regions
(ζ And – Roettenbacher et al. 2016) (σ2 CrB – Rosén et al. 2018)
and high-latitude ones (SV Cam – Şenavcı et al. 2018) as well as
those distributed over the surface (σ Gem – Roettenbacher et al.
2017). Intermediate temperatures from the coolest ones (∼3500 K)
to the temperature of the quiet photosphere are present in all cases.
A significant difference between the adopted model and the data
from Doppler tomograms and interferometric observations is the
polar spot size reaching 20◦ ..30◦ , which is considerably smaller
than that in our model. The cool region may well be located at both
poles. In this case, the radius of the identical polar spots will be
56.4◦ , which is only slightly smaller than the size for the spot lo-
cation only at one pole, because for the adopted inclination of the
rotation axis of PZ Mon a considerable area near the opposite pole
is invisible. However, even this value is twice that expected from
observations. Therefore, we can assume that about half of all cool
spots (or an area of 20% of the visible surface) are arranged more
or less uniformly outside the poles.

The presence of a significant fraction of cool active re-
gions must be accompanied by the presence of a magnetic field.
Rosén et al. (2018) mapped the intensity and magnetic field distri-
butions for the system σ2 CrB; the magnetic field strength reaches
0.4–0.6 kG in cool active regions. The appearance of magnetic field
effects in the stellar spectrum may also be expected for PZ Mon.
Previously, based on a spectrum with a resolution R = 40 000, we
found no dependence of the width of spectral lines on their Lande
factor, possibly, because of the low spectral resolution (the instru-
mental line broadening is comparable to the stellar rotation broad-

ening). In future, we are planning to obtain and analyze higher-
quality spectra with a resolution of at least 80 000. The cool regions
must manifest themselves better in the red part of the spectrum and
there is a possibility to find the traces of a magnetic field.
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