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Abstract. We present the results of a new study on the relationship between coronal X-ray emission and stellar rotation in
late-type main-sequence stars. We have selected a sample of 259 dwarfs in the B — V range 0.5-2.0, including 110 field stars
and 149 members of the Pleiades, Hyades, « Persei, IC 2602 and IC 2391 open clusters. All the stars have been observed with
ROSAT, and most of them have photometrically-measured rotation periods available. Our results confirm that two emission
regimes exist, one in which the rotation period is a good predictor of the total X-ray luminosity, and the other in which a
constant saturated X-ray to bolometric luminosity ratio is attained; we present a quantitative estimate of the critical rotation
periods below which stars of different masses (or spectral types) enter the saturated regime. In this work we have also empirically
derived a characteristic time scale, 7., which we have used to investigate the relationship between the X-ray emission level and
an X-ray-based Rossby number R, = P,y /7.: we show that our empirical time scale 7. resembles the theoretical convective
turnover time for 0.4 < M/M, < 1.2, but it also has the same functional dependence on B — V as L;;l/ 2 in the color range
0.5 < B—V < 1.5. Our results imply that — for non-saturated coronae — the Ly — Py relation is equivalent to the Ly /Ly VS.

R, relation.
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1. Introduction

Magnetic activity in late-type main-sequence stars is an observ-
able manifestation of the stellar magnetic fields. The generation
and amplification of surface magnetic fields in solar-like stars
are commonly considered the end result of a complex dynamo
mechanism, whose efficiency depends on the interaction be-
tween differential rotation and subphotosferic convection into
the stellar interior. In this context, stellar rotation must play
a very important role, and numerous studies have searched
for relationships between magnetic activity and rotation. This
connection has been explored ever since the pioneering work
by Wilson (1966) and the study by Kraft (1967). At first, the
rotation-activity relationship was considered to be an indirect
one, through stellar age: in fact, Skumanich (1972), compared
the rotation and the Ca II emission luminosity for Pleiades,
Ursa Major, Hyades stars and the Sun, and showed that both
the chromospheric emission and the rotation velocity decay
roughly as the inverse square root of the age. According to
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Frazier’s data (Frazier 1970), Ca II emission intensity (in a
1.1 A band centered on the K-line) varies linearly with sur-
face magnetic field strength, thus making appropriate to link
the stellar Ca II emission luminosity with the average magnetic
field strength. Thus, the Skumanich’s work was the first to sug-
gest the activity-rotation relationship as a causal consequence
of the dynamo action, because of the indirect observation of the
proportionality law between the average surface magnetic field
and the stellar rotation.

When comparing any radiative measure of stellar magnetic
activity with the stellar angular velocity, for stars of compa-
rable effective temperature and gravity, one finds that activ-
ity increases monotonically with increasing angular velocity
for rotation periods exceeding ~1-2 days. The correlation be-
tween X-ray luminosity and rotation was first discovered for
RS CVn systems by Walter & Bowyer (1981) and was gen-
eralized by Pallavicini et al. (1981) for late-type stars (F7
to M5), independently from the luminosity class, as Ly =
1077 (yor)? erg s7L, being vy the rotational velocity in km sl In
the last 20 years many other authors have investigated the cor-
relation between several chromospheric and coronal magnetic
activity indicators and stellar rotation rate in both field stars and
cluster members (Maggio et al. 1987; Dobson & Radick 1989;
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Stepien 1994; Hempelmann et al. 1995; Randich et al. 1996, to
cite a few). For stars of a given spectral type, hence given ra-
dius, the X-ray vs. rotation relationship does not hold for very
fast rotators (Micela et al. 1985). Obviously, if one were to in-
crease vy into the Pallavicini’s equation, extremely large X-ray
luminosities are obtained. What is observed instead is that the
most active stars reach a maximum X-ray luminosity such that
Ly/Lio = 1073 (Vilhu 1984; Vilhu & Walter 1987), where Ly
indicates the star’s bolometric luminosity. The saturation limit
appears to extend all the way along the main sequence from
G-type stars to the latest M dwarfs (Fleming et al. 1993); us-
ing Ly/Lpo as activity indicator for stars in the Pleiades and
a Persei open clusters, Stauffer et al. (1994) and Randich et al.
(1996), respectively, found a trend of increasing log Ly /Lol
with the rotation velocity up to ~15 kms~!, while stars with
higher velocities have Ly / Ly, near the saturation level. It is yet
unclear whether this saturation effect is caused by an intrinsic
change in the behavior of the dynamo, or it is merely a sign of a
limiting coronal emission reached because the star runs out of
the available surface area to accommodate more active regions
(Jardine & Unruh 1999).

In this context, we have studied the dependence of the
X-ray emission on the stellar rotation in late-type main-
sequence stars, using a sample of both field stars and members
of open clusters, which includes more K and M-type dwarfs
than in previous studies. In particular, we have investigated the
relationships between X-ray luminosity or X-ray to bolomet-
ric luminosity ratio and the rotation period for stars grouped
in selected mass or color ranges. In the first part of this pa-
per we show that the rotation period by itself appears to be a
good predictor of the stellar X-ray luminosity down to a critical
value, below which the coronal emission saturates, and we ex-
plore how the transition from the non-saturated to the saturated
X-ray emission regime depends on stellar properties, such as
the spectral type and the mass.

The magnetic dynamo mechanism operates in a highly
conductive fluid (plasma) subject to convective and rotational
motions whose characteristic time scales are, respectively, the
convective turnover time — i.e. the period of circulation within
a convective cell — and the stellar rotation period. The Rossby
number Ry = Prot/Tcony, 1.€. the ratio between the measured ro-
tation period, Py, and the convective turnover time, T¢ony, Was
introduced in the context of stellar magnetic activity by Noyes
et al. (1984), and since then, used by many authors (Micela
et al. 1984; Schmitt et al. 1985; Maggio et al. 1987; Dobson &
Radick 1989; Stepien 1994; Hempelmann et al. 1995; Randich
2000 — to cite a few) as the quantity best-suited to parameterize
the level of stellar magnetic activity. Using the Rossby number,
all these authors have investigated the dependence of coronal
and chromospheric emission levels on the spectral type, stel-
lar age and evolutionary stage for different samples of late-type
stars. In all these works, however, the Rossby number was al-
ways calculated as the ratio of the rotation period, a measured
quantity, with the convective turnover time estimated by means
of some empirical color-dependent function 7.(B — V), usually
the one provided by Noyes et al. (1984), which resembles the
theoretical T.ony. Moreover, although this function was origi-
nally derived for main-sequence stars with 0.5 < B—-V < 1.4
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(but based on 5 points only redder than B — V = 1.0), several
authors have applied such an empirical Rossby number out
of its range of applicability (for example, Maggio et al. 1987
have used this function to evaluate 7. for stars of luminosity
class IV, or Giampapa et al. 1998 and Randich 2000 for cluster
stars younger and redder than the Noyes’s dwarfs). To check
the validity of this approach, in the second part of this paper
we have empirically determined a new 7.(M), as a function of
stellar mass, based on the analysis of the same star sample in-
troduced above, and we have investigated whether the use of
our X-ray-based Rossby number effectively helps in our phys-
ical understanding of X-ray emission as a magnetic dynamo
phenomenon.

In Sect. 2 we present the stellar sample used for the present
work, and discuss some observational issues related to the com-
pleteness of the sample; in Sect. 3 we explore the dependence
of the relationship between X-ray emission and rotation period
on both stellar mass and color, while in Sect. 4 we determine an
X-ray-derived empirical Rossby number and discuss its physi-
cal meaning. Section 5 is devoted to the conclusions.

2. Selection of a sample of main-sequence stars

In order to study the relationship between activity and rotation
on a solid basis we have selected a sample of 259 solar-type
dwarfs in the color range 0.5 < B — V < 2.0, consisting
of 110 field stars and 149 stars belonging to the Pleiades
(~100 Myr), Hyades (~700 Myr), a Persei (~50 Myr), IC 2602
(~30Myr) and IC 2391 (~30 Myr) open clusters. It represents a
significant extension of the sample (~70 stars) used by Stepien
(1994) for an investigation similar — in some respects — to the
one carried out in the present work; in particular, our sample is
characterized by a better coverage of stars in the low-mass end
of the HR diagram (B -V > 1.4).

All the selected stars were observed with ROSAT,
but the main selection constraint was the availability of
photometrically-measured rotational periods (with few excep-
tions described below); in fact, this sample covers the period
range 0.2 < Pyt < 50 days almost uniformly upto B—V ~ 1.6.
We have rejected stars known as close binary systems in order
to reduce as much as possible the contamination on both X-ray
luminosity and rotation due to stellar companions. All the se-
lected field dwarfs and cluster stars are listed in Tables 1 and 2,
respectively; for each star, these tables contain the stellar ID,
Hipparcos distance, B — V color, V magnitude, rotation period,
X-ray emission data, stellar mass and the original references.

In order to take into account the effect on the B — V color
due to the interstellar absorption, we have assumed a constant
reddening value 0.04 for all the Pleiades stars, 0.1 for « Persei,
0.006 for IC 2391 and 0.04 for IC 2602 members, as already
done in previous works (Micela et al. 1999; Randich et al.
1996; Patten & Simon 1996; Prosser et al. 1996, respectively).
The B — V colors listed in Table 2 are the de-reddened colors
(B - V). Hyades members and field stars are much closer to us
and hence their colors are not significantly affected by redden-
ing. A color-magnitude diagram for all the stars in the sample
is shown in Fig. 1.
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Fig. 1. Color-magnitude diagram for all 259 selected stars. Squares
and crosses indicate cluster members and field stars respectively, while

the solid line represents the zero-age-main-sequence location by Siess
et al. (2000).

In the B — V color range 0.5-1.4, most of the stars are lo-
cated near the theoretical zero-age-main-sequence (Siess et al.
2000), with the exception of few members of the IC 2602
cluster and few field stars lying significantly above the main-
sequence location: these outliers could be binary systems still
present in the sample, pre-main-sequence stars, or field stars
starting their evolution across the Hertzsprung gap. We do not
have any a priori reason to exclude these stars from our sam-
ple, since the X-ray emission from both pre-main-sequence
stars and evolved stars with B — V > 0.5 (corresponding to
amass M < 1.5 My on the main-sequence) very likely has the
same coronal origin as in other solar-type dwarfs where a mag-
netic dynamo mechanism is at work (see Pizzolato et al. 2000,
for evolved stars); “anomalously” high X-ray emission levels
could be expected only for close binary systems not yet rec-
ognized as such. For 1.4 < B -V < 1.6, the locus traced by
cluster members appears to be systematically above that traced
by field stars, because these low-mass cluster members are still
in a pre-main-sequence phase of stellar evolution. Again, in
the assumption that the X-ray emission from the younger pre-
main-sequence stars has a common magnetic origin with the
other sources, we have decided to keep these objects in our
sample, carrying on our analysis on the most extended sample
as possible.

Finally, it is worth noticing that the low-mass end of our
H-R diagram (B — V > 1.6) is occupied only by field stars be-
cause of the lack of rotational periods for late M-type dwarfs in
clusters. All the stars selected for this study were detected with
ROSAT. The X-ray luminosities and part of the X-ray to bolo-
metric luminosity ratios have been retrieved from the original
papers!. In particular, we have adopted the published Ly /Lyop
for those stars belonging to the Pleiades, a Persei, IC 2602
and IC 2391 open clusters, and for the field M dwarfs of our
sample selected from Delfosse et al. (1998). The bolometric

! For the full list of references see Tables 1 and 2.
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Fig.2. Rotation period as a function of the B — V color for all 259
selected stars. Squares and crosses indicate cluster members and field

stars respectively; the arrows mark the field stars with periods derived
from vsin i data.

luminosities of such cluster stars have been computed by using
the Johnson’s (1966) data for B — V < 1.34, while the Monet
et al. (1992) transformation between the bolometric correction
and the V-1 color has been used for all the cluster members (in-
cluding the two Hyades stars) redder then B — V = 1.34. Then,
we have verified that the bolometric luminosities computed
via the Monet et al. (1992) transformation and those derived
with the bolometric correction curve vs. (R — I)¢ color used by
Delfosse et al. (1998) differ by less than 2%. For this reason, we
have decided to adopt the calibration of Delfosse et al. (1998)
also for the other field stars of the sample having B—V > 1.34,
for which we have obtained the (R — I)¢ values from the Kron
R — I listed in the CNS3 catalogue (Gliese & Jahreiss 1991),
by means of the Bessel (1983) transformation. Finally, for all
the field stars with B — V < 1.34 in our sample and for the
Hyades cluster members with similar colors we have estimated
the bolometric correction from the B — V color with the trans-
formations by Flower (1996). In fact, comparison between the
bolometric luminosities based on the Johnson’s (1966) calibra-
tion and those obtained by using the Flower (1996) calibration
shows a measured scatter also lower than 2%.

All rotation periods used in the following analysis are
derived from photometric measurements (see references in
Tables 1 and 2) except for 16 M-type field stars in Delfosse
et al. (1998), for which the periods are calculated from
vsini data and accurate determinations of the stellar radii
(Beuermann et al. 1999). These stars are marked with an arrow
on the rotation period in all the relevant figures of this paper.

In Fig. 2 we show the rotation periods vs. B — V color
for the whole sample: the low-velocity field dwarfs and the
high-velocity cluster stars improve the completeness of our
sample with respect to previous works, from the point of
view of the covered range of rotation periods, especially
for0.5 < B-V < 1.6.
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Fig. 3. X-ray luminosity vs. rotation period of field dwarfs (crosses)
and cluster stars (squares). Leftward arrows indicate field stars with
periods derived from v sini data.

3. X-ray emission vs. stellar rotation
3.1. Overview of the activity-rotation relationships

In this section we show our new results on the relationship be-
tween coronal X-ray emission and rotation for solar-type stars.
In Figs. 3 and 4 we have plotted, respectively, the X-ray lumi-
nosity and the X-ray to bolometric luminosity ratio vs. stellar
rotation period for all the stars in our sample.

Both Ly and Lx/Lyo increase with increasing rotation rate
(decreasing period) as already noted in previous works (e.g.
Pallavicini et al. 1981), and as expected from qualitative argu-
ments based on the aQ-type shell dynamo theory. In particular,
both Ly and Ly /Ly increase by more than 2 orders of magni-
tude for decreasing rotation periods from ~50 days to ~4 days;
in this non-saturated regime the spread in the Ly vs. Py rela-
tionship appears slightly lower than in the Ly /Ly VS. Pyot Case;
a more quantitative determination of the spread will be given in
the next section. For rotation periods lower than P ~ 4 days,
the spread in Ly (Fig. 3) becomes much larger than in Ly /Lo
(Fig. 4), because of the mixing of M-type field dwarfs, having
Ly, < 10% ergs~!, with younger cluster members with spectral
types G-K-M, having L, > 10% ergs™'.

On the other hand, the X-ray emission reaches a satura-
tion level that is clearly evident in the Ly/Lpo VS. Pror diagram
(Fig. 4). In this diagram some of the stars with the shortest rota-
tion periods appear to emit at a saturation level somewhat lower
than the canonical value Ly/Lpy ~ 1073: this behavior has
been ascribed to the so-called “supersaturation phenomenon”
(Prosser et al. 1996); the significance and the interpretation
of this behavior is still a matter of debate (James et al. 2000,
Stepien et al. 2001) and the issue will not be addressed in this
paper.

In the past, the rotation-activity relationship has been stud-
ied for stars of different spectral types or in selected color bins,
in order to investigate the dependence of such a relationship
on stellar properties (i.e. the characteristics of the convection
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Fig. 4. X-ray to bolometric luminosity ratio vs. rotation period for field
dwarfs (crosses) and cluster stars (squares). The meaning of the left-
ward symbols is the same as in Fig. 3.

zone). In our study we have chosen to carry out our analysis
by studying the X-ray emission vs. rotation correlation primar-
ily as a function of the stellar mass and, subsequently, also as
a function of the B — V color. There are two reasons for this
choice: (i) the stellar mass is the best indicator of global stellar
properties (i.e. the characteristics of the stellar structure), and
it allows us a direct comparison with results based on theoreti-
cal stellar structure models (see Sect. 4.1); (ii) the color-based
analysis is most useful for ease of comparison with results re-
ported in previous studies.

3.2. Dependence of saturated and non-saturated
X-ray emission on stellar mass

In order to study the dependence of different X-ray emission
regimes on stellar parameters, we have derived the mass for
each star in our sample. We have first compared the theoretical
mass-luminosity relationships based on the models by Kim &
Demarque (1996), Ventura et al. (1998) and Siess et al. (2000),
at fixed stellar ages between 0.2 Gyr — the age of the youngest
model in Kim & Demarque (1996) — and 5 Gyr: we have veri-
fied that in the mass range 0.5 < M/M; < 1.2, covered by all
these models, the three relationships never deviate from each
other by more than 10% in mass. Eventually, we have decided
to adopt the mass-luminosity relationship reported by Siess
et al. (2000), because their results cover a wider mass and age
ranges than available from other works. In our specific case,
we have estimated stellar masses from 0.22 M, to 1.29 M, by
interpolating between several relationships at different ages in
the range 30 Myr — 5 Gyr and assuming 5 Gyr as the most
appropriate age for field stars.

In order to investigate how the observed spread of the X-ray
emission levels depends on the stellar mass, we have explored
the relationships Ly vs. Py and Ly/Lyo Vs. Pry separately in
8 mass-selected subsamples (Figs. 5 and 6, respectively). The
stars were distributed among the subsamples in such a way that
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Table 3. Results of the analysis of the correlations of the X-ray emission vs. rotation period as a function of the stellar mass.

Mass range Number of  log L  log(Lx/Lpo)™ P ph/feol log %

stars (ergs™h) (days) (days) (days)
1.10 < M/Ms < 1.29 34 30.0+0.5 -3.9+0.5 23+1.8 22+18 09+04
1.03 < M/M, < 1.10 34 30.3+0.3 -32+03 1.5+16 14+16 1.1+03
0.98 < M/M; < 1.03 34 30.1+0.3 -32+03 2016 22+1.6 12+03
0.93 < M/M; < 0.98 34 30.1+04 -3.1+04 19+16 21+16 13+03
0.87< M/M, < 0.93 34 29.8+0.3 -3.1+0.3 3015 30+15 14+02
0.79< M/M,, < 0.87 34 29.5+0.2 -32+02 31+15 33x15 15+02
0.63< M/M; < 0.78 34 293+0.2 -3.1+0.2 3515 33x15 15+02

0.22< M/M, < 0.60 21 282+0.2 -33+02 >10.8 >13.1 >2.0

* Adopted scaling: log 7.(1My) = 1.1 days.

exactly the same number of objects (34) fall in each mass range,
with the exception of the last bin, which contains the remaining
21 objects (Table 3).

Essentially in all cases two distinct correlation regimes ex-
ist: (i) at high rotation periods the emission level (either Ly
or Ly /Lyo1) increases as a power-law function of P in any sub-
sample, while at low rotation periods the emission reaches the
saturation level Ly/Lpo ~ 1073, with no dependence on Piy.
Note that the spread in the X-ray emission vs. rotation relation-
ship is rather small in each of these plots, except in the highest
and lowest mass ranges where part of the scatter is possibly due
to their relatively larger widths, i.e. to the inclusion in the same
bin of stars with masses differing by up to ~0.4 M.

In order to obtain a parameterization of the X-ray emission
vs. rotation relationship for both saturated and non-saturated
coronal sources having different masses, we have fitted the data
in each mass bin with a broken power law or, in other terms, a
piece-wise linear function in log variables.

As a first step we have performed our fitting by leaving all
the parameters free to vary (the slopes and intercepts of the
two lines in the log-log diagrams): in the non-saturated regime,
the exponent of the power law was found consistently equal
to —2 for any subsample, within statistical errors, while in the
saturated regime the power-law exponent resulted statistically
consistent with 0.

In the next step, the period at which saturation occurs (P52
and the saturation X-ray emission level (L3 or (Ly/Lpo)™)
have been determined, for each mass range, as free parameters
of the piece-wise power-law functions with fixed exponents (0
and —2). Note that for 1.10 < M/Ms < 1.29 only few stars are
in the saturated regime while for 0.22 < M/M,, < 0.60 all stars
— except one — are saturated (Figs. 5 and 6). The results of such
analysis are reported in Table 3.

In Fig. 7 we show the variation of the X-ray luminos-
ity saturation level and the L/Ly, saturation level vs. stel-
lar mass: the X-ray luminosity saturation level decreases from
Ly ~2-10% ergs™! to Ly ~ 102 ergs™!, between M/Mg ~ 1.1
and M/M ~ 0.4, while the L, /Ly saturation level remains al-
most fixed at = 1073, except for the point at ~1.2 Mg (Ly /Lyl =
107*). The rotation period at which saturation occurs (Fig. 7,
right panel) increases from P! ~ 1.5 days for solar-mass

rot
dwarfs to P4 ~ 4 days for dwarfs with half the solar mass,

for both the X-ray emission indicators. These values are essen-
tially in agreement with the recent saturation periods reported
by Stauffer et al. (1994): in fact their results (2 days at 1 M,
and 4.5 days at about 0.4 M) differ from our findings for a
quantity well within the associated errors.

In order to show the global behavior of the X-ray emission
vs. rotation relations and their dependence on the adopted ac-
tivity indicator (Lx or Ly /Lpo) and on the stellar mass, we have
plotted in Fig. 8 all the relations obtained by the fitting pro-
cedure in each mass-selected subsample. The relation between
Ly and Py (Fig. 8, left panel) in the non-saturated regime is
identical for all mass bins, while the saturation is reached at
decreasing rotation periods and increasing X-ray luminosity
levels for increasing mass. Note the complementary behavior
of the Ly /Ly, Vs. Py case (Fig. 8, right panel): the saturation
occurs approximately at the same level of Ly /Ly, = 1073 for
M < 1.1 M, but the mass-dependence of P — which is the
same as in the Ly vs. Py relationships — induces a spread in
the Ly /Ly power-laws which describe the behavior of the non-
saturated stars.

3.3. Dependence of saturated and non-saturated
X-ray emission on B — V' color

We have also performed a complementary investigation of the
dependence on B — V color of the correlation of the X-ray
emission with the stellar rotation period. We have followed the
same criteria of analysis previously described for the case of the
study of the activity-rotation connection in selected mass bins.
The functional dependences on B — V color of the X-ray emis-
sion saturation level and of the rotation period at which satu-
ration occurs are essentially identical to those shown in Fig. 7,
except for the x-axis values. It is worth noticing that for low
mass main sequence stars (M < 0.6 My, B—V > 1.3) the
B -V color is not a good proxy of fundamental stellar parame-
ters such as the mass, the effective temperature, the bolometric
luminosity and the depth of the convection zone. On the other
hand, the results described in this section (reported in Table 4)
are the most adequate to be compared with similar results ob-
tained in the past by other authors.
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Fig. 5. X-ray luminosity vs. rotation period for stars in 8 different mass ranges. Cluster members are indicated with squares, field stars having
measured periods with crosses and field dwarfs having periods derived from vsini data with leftward arrows. Solid lines indicate the broken
power laws with fixed exponents obtained by the fitting procedure. The dashed line is used to evidence the paucity of the data in the lowest

mass bin.

4. X-ray emission vs. Rossby humber

The historical importance of the Rossby number is strictly re-
lated to the dynamics of the magnetic fields embedded and
frozen in the plasma. As already anticipated in Sect. 1 the
Rossby number R, = Piot/Teony 1S usually considered a good
indicator of the efficiency of the dynamo mechanism in the
generation and amplification of the stellar magnetic fields, and
consequently of the stellar magnetic activity. However, while
the rotation period can be directly measured, Tcony 1S USU-
ally empirically determined (Noyes et al. 1984; Stepien 1994)

or derived from theoretical models (Gilliland 1985; Kim &
Demarque 1996; Pizzolato et al. 2001).

The study of the relationship between X-ray emission and
rotation in different mass ranges (or spectral classes), described
in the previous section, allowed us to clearly separate saturated
stars from non-saturated stars and, therefore, it made possi-
ble a new determination of an empirical X-ray-based Rossby
number. In order to evaluate this parameter for all the stars
in our sample we have determined an empirical X-ray-derived
function of the stellar mass, 7.(M), and we have used this
function as an empirical time scale in place of 7., the con-
vective turnover time. In this section we show how the ratio
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Fig. 6. X-ray to bolometric luminosity ratio vs. rotation period for stars in the same mass ranges as in Fig. 5. The meaning of the symbols and
of the solid lines is the same as in Fig. 5.

Table 4. Results of the analysis of the correlations of the X-ray emission vs. rotation period as a function of the B — V color.

B-Vcolorrange  Numberof  log L  log(Ly/Lpo)™ P ph/Feol log %

stars (ergs™h) (days) (days) (days)
0.50 < B-V < 0.60 34 30.1+04 -3.6+04 18+16 1616 1.0+0.3
061 <B-V <0.71 34 303+04 -3.1+04 1.6+1.7 13+17 1103
0.72<B-V <0.84 34 30.2+£0.3 -3.1+£03 1.8+15 1.7+15 12+02
0.84 <B-V <091 34 299+0.3 -32+03 2615 24+15 13+02
091 <B-V <1.06 34 299 +0.3 -3.0+0.3 28+15 24+15 14+02
1.07<B-V <135 34 294 +£0.2 -32+02 41+15 35+15 15+02
136 <B-V <154 34 29.2+0.3 -32+02 40+15 37+15 15+02

1.55<B-V <190 21 283+0.2 -33+02 >9.7 >23.9 >2.3

* Adopted scaling: log 7.(B — V) = 1.1 days.
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Fig. 8. Collection of all the best-fit relations between X-ray emission and rotation period shown in Figs. 5 and 6 for the stars in all the mass

ranges considered.

R. = Piot/7e effectively provides us with a unique, mass-
independent prediction of the X-ray emission level, for both
saturated and non-saturated stars, a property which makes R.
possibly preferable to Prq.

4.1. Empirical determination of the Rossby number
from X-ray data

Following the original idea of Noyes et al. (1984), and a work-
ing approach similar to that adopted by Stepien (1994), we have
explored the possibility to obtain an improvement in the corre-
lation between activity and rotation by using the Rossby num-
ber R, = Pyt /T.(M) instead of the rotation period, where 7.(M)
is a mass-dependent function derived from the observational
data available.

Our work is characterized by two improvements with re-
spect to the Stepien (1994) work: (i) a larger sample, includ-
ing more stars in all rotation ranges and more low-mass stars,
and (ii) a quantitative separation of the two X-ray emission
regimes, a crucial point for the determination of the mass de-
pendent function 7.(M).

We have first considered the family of power laws:

Ly/Loo = AxPr

rot

€))

which describe the behavior of the non-saturated stars in Fig. 8
(right panel), with A; dependent on the mass range consid-
ered. We stress that Stepien (1994) made no distinction be-
tween saturated and non-saturated stars in his activity-rotation
relationships.

A single relationship for all the stars in our sample can be
obtained by scaling:

Py
Te(M)

Pro = 2

where the mass-dependent function 7.(M) can be obtained as
(Ax/C)'/?, with C = const., so that

Prol )_2 X

Te

Ly/Lyo = C( 3)

The new variable Py /7. can be dubbed “X-ray empirical
Rossby number” and denoted by R.. An important point is that,
by using this empirically-derived Rossby number, we may ef-
fectively describe the activity level, represented by Ly /Ly, as
a single mass-independent function of the parameter R., taking
into account both the rotation and any effect linked to differ-
ences in internal stellar structure for stars of different masses
(Fig. 9).
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—_

Fig. 9. X-ray to bolometric luminosity ratio vs. empirical Rossby num-
ber for all the stars in our sample. The meaning of the symbols is the
same as in Fig. 3.

It is to be mentioned, however, that the adopted procedure
does not permit to determine absolute values of 7., but only the
functional dependence of such an empirical time scale on the
stellar mass; the function 7. must be properly scaled in order to
be compared with other empirical or model-derived convective
turnover times. The value of 7. listed in Table 3 for each mass
range was obtained by applying a constant scaling factor such
that the value of 7. for solar-mass stars matches the Noyes’s
semi-empirical prediction of the convective turnover time of
the Sun. The relationship between this 7. and the stellar mass
has been used to calculate the values of R, plotted in Fig. 9.

In Fig. 10 we show a comparison between the func-
tion 7.(M) and the theoretical convective turnover time, 7., de-
rived from two stellar structure models, the model by Kim &
Demarque (1996) and the more recent model by Ventura et al.
(1998). The latter was employed for the computation of the
characteristic turnover time also for stars with M < 0.5 M, in-
cluding fully-convective stars with M/My = 0.3 and M/M; =
0.2. Both models give a global estimate of this time scale
by integrating over the whole convective region. For ease of
comparison the function 7.(M) in Fig. 10 is scaled in such a
way that our empirical time scale for a solar-mass star coin-
cides with the theoretical convective time predicted by Ventura
et al. (1998). We find that the empirically X-ray-derived func-
tion 7, follows 7, for stars in the mass range 0.6—1.2; for lower-
mass stars, the empirical timescale is still in agreement with
the model convective time, even if the paucity of stars with
P:ot > 10 days makes the comparison particularly critical.

In order to compare our empirical time scale with the val-
ues computed with the Noyes et al. (1984) formula, we have
completed our analysis by deriving 7. also as a function of the
B -V color, using the results reported in Sect. 3.3. In Fig. 11 we
have plotted the Noyes function and our empirical 7¢(B — V),
properly scaled as in Table 3. The two formulations are very
similar for 0.5 < B—V < 1.0, and our data confirm the Noyes’s
prediction also in the B — V range 1.0-1.4, where the Noyes
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Fig. 11. Comparison between empirically-determined 7. (asterisks),
scaled L;O'I/ 2 (squares), and the Noyes et al. (1984) semi-empirical for-
mulation (thin solid and dashed line).

study was based on the data of 5 stars only (dashed line in
Fig. 11). For B—V > 1.4 we find an indication of increasing 7.
as already seen in Fig. 10 for stars with M < 0.5 M.

4.2. Alternative interpretation of the empirical Rossby
number

In Sect. 3.2 we have already demonstrated that a single power-
law provides a good mass-independent description of the Ly vs.
P relationship, for non-saturated stars. Does the Ly /Lo VS.
R. relationship represent a real improvement?

The scaling:

Ly
Lbol

Ly >

“
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introduces a color-dependent vertical shift of the power-laws,
which can be compensated by the horizontal shift provided by
the scaling:

Prol
IR (&)

bol

Prol:

In fact, we show in Fig. 11 that the empirically-determined
color function 7.(B—V) is equivalent to Ll;:l/ 2, except for a con-
stant scaling factor, where Ly, was computed as the mean value
of the bolometric luminosities of the stars in each color bin.
The above argument suggests that for stars in the non-saturated
regime the two relationships Ly vs. Py and Ly /Lo VS. R, are
equivalent.

On the other hand, for saturated stars, the X-ray luminos-
ity is related only to Lyo. From this point of view, we can ar-
gue that there is no need to invoke a Rossby number: Py is
the only parameter required to described the behavior of the
non-saturated stars, while Ly, is the crucial parameter in the
saturated regime.

An alternative interpretation can be sustained by noting that
the Ly/Lyo Vs. R. relationship describes adequately both satu-
rated and non-saturated stars. From this second point of view,
we are left with one open issue: if we accept R, as a fundamen-
tal dimensionless parameter of the dynamics of plasma flows in
the stellar interiors, determining also the efficiency of the dy-
namo action, then the stellar activity level is best represented
by the ratio Ly /Ly, but why the X-ray emission level should
be determined by the bolometric luminosity?

In any case, the observed agreement between the functional
forms of Lg;l/ % and 7.(B — V) seems to indicate a possible phys-
ical link between the stellar bolometric luminosity and the “ef-
fective” time scale relevant for the dynamo action. Future in-
vestigations on fully-convective late M-type dwarfs or stars in
evolutionary phases across the Hertzsprung gap, will allow us
to test in more detail whether stellar activity in these stars can
be described in the same framework as in main sequence stars.

A final point is illustrated in Fig. 12 which shows an
interesting almost linear relationship between our empirical
convective turnover time and the rotation period at which the
saturated X-ray emission is reached. This plot suggests that the
saturation is triggered when a critical value of the ratio between
these two time scales is reached, and this value is almost inde-
pendent from the stellar mass, at least for main-sequence stars.
Moreover, since 7. scales as L2 also Pt scales in the same

bol rot
way; to a good approximation:

Lo\ ™?
P~ 1.2( °) (6)
Lo

which is accurate within a factor two.

5. Summary and conclusions

Our study has confirmed that a single relationship be-
tween Ly/Lp, and an empirical Rossby number R. can be
obtained for main sequence late-type stars having different
masses or spectral types (i.e. different properties of the con-
vection zone). The importance of our result rests on the in-
clusion — for the first time with respect to past works by

N. Pizzolato et al.: The stellar activity-rotation relationship revisited

2.0

1.8

1.6

1.4

1.2

log 7, (days)

1.0

0.8

0.6

[ R N
0.2 0.4 0.6
log P, st (days)

|
=]
)
(=]
o

Fig. 12. Relationship between our empirical time scale and the rotation
period at which the saturated X-ray emission is reached.

Noyes et al. (1984) and by Stepien (1994) — of very late-type
stars with M < 0.5 M, comprising some fully convective stars.
For the first time we have also determined the functional de-
pendence on the stellar mass of an empirically X-ray-derived
characteristic time scale, 7., and, independently, we have car-
ried out our analysis also with the B — V color.

However, the clear observational link between L, /Ly, and
the empirical Rossby number does not imply by itself the in-
terpretation of the mass-dependent quantity 7.(M) as a con-
vective time. For this reason, we have performed a comparison
between our empirical time scale and the theoretical values of
the convective turnover time, 7.. We have confirmed that the
function 7.(M) is very similar to 7. for stars in the entire mass
range considered (Fig. 10). For fully-convective late-type stars
with M < 0.3 M., we have shown that 7.(M) is still consistent
with the corresponding values predicted by theoretical models.
This is a new and significant result, because of insufficient data
in previous works for such a comparison.

Another important point is that the function 7.(B — V) turns
out to have the same functional shape as Ll;oll/ %, in the range
0.5 < B—-V < 1.5. For this reason we can assert that for non-
saturated stars the Ly vs. P;2 relationship is equivalent to the
relationship Ly /L o (Prot/Te) 2.

The analysis developed to investigate the physical meaning
of an empirical X-ray-derived Rossby number has forced us to
revisit the relationship between X-ray emission and rotation.
Our results show that the coronal X-ray emission increases
roughly as a power law of the stellar rotation period indepen-
dently of the stellar mass or spectral class, thus demonstrating
that the stellar rotation dominates over convection in the mag-
netic dynamo operating in non-saturated late-type dwarfs, in-
cluding stars with M < 0.5 M.

On the other hand, the X-ray emission level from saturated
stars depends only on Ly, and hence it appears to be dependent
on the characteristics of the stellar structure.

In this contest, the most important result is that, indepen-
dently of the X-ray emission indicator used in our study, the
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X-ray emission saturation occurs below a critical rotation pe-
riod, P:g{ increasing with decreasing stellar mass, in a way that
we have quantitatively estimated.

Equivalently, we have also demonstrated that P{ scales

as L;;l/ 2 this link suggests that the saturation of the X-ray emis-
sion in late-type main sequence stars can be considered as an
effect depending on the properties of the convective region as
well as an effect depending on the total energy budget available
in the star. We believe that in the near future the study of the
activity-rotation connection in samples of stars having differ-
ent evolutionary stages will enable us to test on a more solid
basis the relationship between the characteristic time scale 7,
and the bolometric luminosity, thus contributing to complete
our current picture of the stellar magnetic activity.
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