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Abstract. We analyze the time variations of the solar X-ray luminosity observed with YgBEGhwith the aim to compare the

X-ray variability of the Sun with that of the other solar-like main sequence stars as function of the relevant time scales. Since
the observational set-up and strategies used to observe the fBamfrdim those used for the other stars, we have explored

the solar X-ray variability properties starting from the available solar data, trying to reproduce the observational procedures
adopted for the stars. We have quantified how the solar variability amplitude increases with the explored time scales and found
that solar-cycle variability can contribute at most up to 60% to the spread observed in nearby solar-like star X-ray luminosity
distribution functions. The comparison between the Sun and the nearby stars is consistent with a scenario in which a fraction of
moderately active stark{ < 10?8 erg's) have X-ray variability similar to the Sun, while more active stars lack solar-like cyclic
coronal activity.
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1. Introduction have also X-ray cycles. Unfortunately their result is marginal
based on a sample selected for having Ca Il cycles and not

: . anfi
The solar corona is often used as a paradigm to understand 6% unbiased sample

lar coronae. The possibility to observe the Sun in detail in space
and in time allows us to understand how the solar corona s built Moreover the comparison between the solar and stellar
and to extrapolate these results to the other stars. coronae is not straightforward, as it involves a number of prob-
The Sun is highly variable when observed in X-rays, witlgms. First of all, the assumptions that the Sun is representa-
large amplitude variations observed over a range of time scafé of all the other stars is not a priori justified. In particular
depending on the nature of mechanism producing the variabile most active stars have X-ray luminosity up 10-100 times
ity. Roughly, variations on short time scales (less than or of ttgger than the Sun, and for them the solar paradigm could be
order of a few hours) are associated with flares, medium scii@dequate (e.g. Drake et al. 2000). Anothefidlilty is that
variations (months) are associated with the evolution of acti¥€ observe the Sun with a methodology completeijedent
regions and with rotational modulation, and long term (yearpm that adopted for stars. Paradoxically we have never ob-
variations are associated with the solar cycle. served the Sun as a star in the soft X-ray band. For example the
If the Sun is a typical main sequence late-type star, we ex4n and the stars are observed ifiefent energy bands and so-
pect to observe the same variations on other main sequeld¢/ariability properties are strongly dependent on energy and
stars, but in X-ray bandpass normal stars appear less varidfe scales (Kreplin 1970). Anfiert to study the solar corona
than the Sun. With the notable exceptions of some big flar@$ if it were a stellar one has been done by Peres and collabo-
observed on dMe or on very active stars (see e.g. Pallavidiifors (Peres et al. 2000 and papers of this series) that have de-
et al. 1990; Schmitt 1994), only variations within a factor 2-4eloped a technique that makes use of Yohkoh data to simulate
are observed in normal main sequence stars, while the Stgjlar-like observations. They take advantage of the spatial res-
shows variations up to more than one order of magnitude d@hution of the YohkoSXT instrument and of its two filters to
ing the cycle (see Stern 1998 for an extensive discussioyild & map of the gective temperature and emission measure
Hempelmann et al. (1996), using ROSAT All Sky Survey oplistribution of ea_ch image plxel of the Sun. Using this map the
servations of stars with known Ca Il cycles from the Mourauthors synthesize the emitted spectra and fold them through

Wilson Ca Il H and K program suggested that these stars dif résponse of X-ray detectors used for exira-solar observa-
tions, analyzing the result as a typical stellar observation. In

Send gfprint requests toG. Micela, this way they can study, for example, as the Sun would appear
e-mail:giusi@astropa.unipa.it when observed as a star duringfeient stages of the cycle,
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Fig. 1. Light curve of the Sun observed with Yohkoh with the £di§ panel) and AlMg filter (bottom panel). Time is measured starting from
January 1st 1992. Note the minimum and the maximum observed on 1996 and 2000, respectively.

what is the &ect of rotational modulation, what are the prop2. Data

erties of individual coronal components such as active regiowé have analyzed the Yoh T synoptic data obtained both
fl . B
ares, et » with the Al 1265 A filter (in the following Al) and with the filter
In this paper we use a less sophisticated approagh,ye py a sandwich of Al, Mg, Mn, and C (AIMg hereafter).

which makes use of all the data publically available in the, o hangnasses of the two filters are very similar, the latter
SolarSoftWare (SSW) databasie order to understand Whatgjiahtly harder than the former, and both have most of fhece
are the properties of solar X-ray variability when the Sun is ohe

X . Ye area in the range between 5and 17 A (0.73-2.5keV). The
served as a star, and how these properties compare with Stegy'?'foptic observations of Yohk¢®XT consist of a large num-
observations.

ber of observations, with time separations ranging from few
In this comparison we will try to take into account, wherminutes to hours, with most of the observations separated by
ever possible, the flerences in observational procedures, i0—15 min. Only in few cases there are whole days without ob-
the explored time scales, in the energy bands, and in the te§8rvations. These “holes” can be due to instrumental problems
poral sampling. or to the occurrence of some flares. In this latter case the in-
In the next section we will discuss the solar data we ustrument switches on aftierent observational setup specially
and their statistical properties from the stellar point of view. Isuited to observe flares. This observational strategy introduces
Sect. 3 we will discuss thefects of temporal sampling on thea bias against the largest flares that will be discussed in the
observed variability. In Sect. 4 we will compare our results witfollowing.
the observations of nearby stars. Our main results are summa-The data we use are reported in Fig. 1 for the two filters.
rized in Sect. 5. The reported quantity is Digital Number per pixel per sec-
ond and is proportional to the X-ray photon flux; it is com-
! available orhttp://sohowww.nascom.nasa.gov/solarsoft puted from the histograms of full frame desaturated images
and maintained by Robert Bentley, MSSL, and Samuel Freelar®lorrison 1994). In the following we refer to this quantity
LMSAL. as “X-ray flux”. The zero time that we have considered is




G. Micela and A. Marino: A comparison between the X-ray variable Sun and solar-like main sequence stars 639

the ROSATPSPC band, softer than the YohKSXT bandpass.
Since in the Sun the hard band variations are more pronounced
that the soft ones (Kreplin 1970), we can safely conclude that
at most60% of the observed spread in stellar X-ray luminosity
can be reproduced by solar-like variability. Note that the stan-
dard deviation, derived from the solar cycle, is independent of
the cycle length, while it depends on the amplitude.

The standard deviation observed in each year, in which
variations are dominated by short and medium term variabil-
ity (with small efects due to the cycle), is on average about
half of that observed in the entire cycle. We conclude that an
X-ray variability by a factor of two is due to short and medium
term variability, while the presence of the solar cycle increases
this variability to a factor of three to four.
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DN/px/see In this section we study how the observed variability changes

Fig. 2. Intensity cumulative distribution observed on the Sun with thas a function of the time scale we explore. In particular, since
AlMg filter during the cycle (solid line). Dashed lines are the distribuROSAT stellar observations were often performed as snapshots
tions observed in individual years. Thin dotted line is the log-normgjith a certain time separation, we simulate analogous series
d?str?but?on with the same standard deviation than that of the solgf ohservations from the lightcurve of the Sun. With this aim
distribution observed during the cycle. in mind we have generated a set of observing tinti@3$ from

the solar lightcurve. We take the solar intensity measurég at

January 1st 1992 and the series spans about 10 years. @Q%that measured at a later tilme _correspondir_titplus the
cover about one solar cycle allowing the study of variabilipXPlored time scale. For practical implementation we take the
up to this time scale. In total there are 5203 data points >cond observations after an interval corresponding to the time

tained with the Al filter and 60 228 with the AIMg one. Result§C2le We are exploring with a tolerance of one day. If for exam-
derived in the following relative to the AIMg filters are fully!Ole we are exploring the two moth time scale,.the first point
consistent with those derived from Al observations. is randomly taken from the solar lightcurve, while the second

To understand more quantitatively the statistical propertiB%mt is the solar intensity measured two months later with a

of the X-ray Sun as a star we have built the distributions in tinjg'erance of one day. For each pair of values generated in this

of X-ray flux of the Sun as observed by Yohkoh. The distripvay, we compute the observed variations as the ratio between
the highest and lowest value. In order to avoid bordésats,

tion relative to the AlMg filter is shown in Fig. 2 (the distribu- h tolded the liah di he 11 |

tions obtained with the Al filter have the same characteristic ?I ave do eht ellg ':cur\ée aclcor flng ot ed ye:;rlso ar-

If we observe a large sample of stars with the same propertie g'e, and we have explored scales from one day to - years,
paced one day each and we have produced 10 000 simulations

the Sun, we expect to observe a stellar X-ray luminosity dist h lored ti lo. F h | h derived
bution with the same shape of the time distribution of the Suﬁ’,r each explored ime scalé. -or each scale we have derive

since each stellar observation should be equivalent to one %a_c!istributions of the amplitude variatio_ns, and measureq the
lar observation in a diierent moment of the cycle. The spreaﬂﬂ'ed'an gnd some percentllle v_alues, which for the AIMg filter
observed in the solar distribution is the expected contributi&t?servatlons are reported in Fig. 3.
to the spread observed in the stellar X-ray luminosity distribu- The plotindicates that amplitude variations are strongly de-
tions due to the variability (of the same nature of that observB@ndent on time scale, but that at each time scale a large spread
in the Sun). is present. The highest probability to observe high amplitude
The solar curve relative to the full data set, covering thé@riations is over a large time interval, between 4 and 7.5 years.
complete solar cycle, (solid line in Fig. 2) can be describetf these time scales typically we observe variations of the or-
by a log-normal distribution witil- = 0.52 dex for the Al fil- der of 1 dex, but over the same time scales we observe also the
ter and 0.58 dex for the AIMg one. Comparing these numbd@ggest spread, with 80% probability detecting variations in the
with the standard deviations obtained by Schmitt (1997) for -1-1.8 dex range.
and G-type stars within 13 pc (0.96 and 0.82 dex for the stars Some of the distributions of the amplitude variations com-
inthe 03 < B-V < 06 and 061 < B-V < 0.82 range, puted above for somefiierent time scales are shown in Fig. 4.
respectively), we find that about 60% of the spread observedine results for the Al filter are very similar. We have a prob-
the X-ray luminosity in nearby solar-like stars can be explainadbility of 50% to detect variations above a factor of two when
by solar-like variability. Indeed the derived fraction is an uppave observe the Sun on time scale of the order or greater than
limit to the contribution to the spread, since the X-ray lumiene year, and variations by a factor of 10 when we observe the
nosity distributions computed by Schmitt for the stars refer fun on time scales in the 4-7.5 year range.
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Fig. 3. Percentiles of the distributions obtained simulating pairs of solar AIMg observations as function of separation time. The marked s
line indicates the median, while the other lines correspond to the 10, 25, 75, and 90% percentiles.

4. Comparison with nearby stars of present paper we take the subsample of stars with at least

. tyo temporal segments with at least 30 counts each. Marino
We have already compared (Sect. 2) the observed spread in | . C
o . _ . (2002 I h I I h
X-ray luminosity of the Sun with that observed in the X—rae 8 (2002) evaluate the stellar variability properties in the

¥.1-2.4 keV band, using a conversion factor from counts to
luminosity distributions of the nearby F- and G-type stars, cop- ’ 9

. . o . ux based on a single temperature plasma model, and negli-
cluding that solar-like Va”ab'“ty can cpntrlbute atmost o 60 ible interstellar absorption. The assumed coronal temperature
o[).the obser\?ed sgretad. In.t:]h;f‘ sectuf)?hw; coer)are tht.e Vs estimated for each individual observation from the mea-
abriity properties ot stars wi 0s€ oThe sun. AS MENUON&R .oy hardness ratio. Since the amplitude of X-ray variability
earlier this comparison is not straightforward since the Obsen@épends steeply on the energy passband, in the present pape
tional procedures éier. In particular ROSAPPSPC operations we have recomputed the conversion factors from stellar counts

were subject to a set of observational constraints that Iimitedg&sﬂux derived from each observed hardness ratio. in order to

capability to petrfc;rtrﬁ long continuous o?servatltinz..As a COEE)nvert counts from the 0.1-2.4 keV (the native PSPC band-
sequence most ot the exposures were fragmented in a nuny aesrs) band to flux in the 0.7-2.4 keV that better matches the
of temporal slots of the order of a few ksec and with a ti

. ; . hkoh instrumental response. The use of individual hardness
separation of the order of the satellite orbit or more. Inde{?gt P

i . ._Tatios to evaluate stellar X-ray fluxes allow us to take into ac-
the ROSAJPSPC, because ofits orbit, perfarmed observatloEl unt both intensity and spectral variations. We have not at-

: . . . se this instrument has a lardieetive area in the soft band
eaCh obtained either on contiguous spacecraft orbits or on Where YohkoWSXT has very low sensitivity. Since most of the
b|ts_|1f;:11r away. band is a furth f taint . stars have the bulk of their emission in the soft band, the ex-
| € e.”ifﬁg’ an patss |sda ur der area o unce(rjatlr? y’bs'rbfgepolation of solar flux observed with Yohkoh to PSPC band
solar vanabliity properties depend on energy, an € ba 2pends very critically on the accurate estimate of the emission

passes of the solar detectors aréfedent from the stellar easure distribution of solar plasma outside of the sensitivit
ones. In particular the Yohkoh bandpass (both with Al ai ra b Y

AIMg filters) coincides approximately with the hard band (%i nge of the instrument, bringing a large uncertainty in the es
the ROSATPSPC (0.7-2.4 keV).

In order to compare the X-ray stellar variability with the For each star matching our criteria we have computed the
solar one we use the sample studied by Marino et al. (200&ray luminosity in the 0.7—-2.4 keV bandpass for each tempo-
that includes F7-K2 main sequence stars in the solar neighbai-segment and the amplitude variation as the ratio between the
hood that have been detected in pointed ROBSPC obser- “instantaneous” luminosity and the minimum value measured
vations. In their paper the authors analyze the variability profer that star. We have associated with this amplitude variation
erties of the sample on various time scales, and for the purpagéne scale that is the absolute value of thedénce between

mate solar flux in the PSPC energy bandpass.
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Fig. 4. Left panel: cumulative distribution of the amplitude variations obtained from the AIMg filter solar X-ray observations, when observed
at different time scales. The legend in the figure indicates the explored time scales. The stepped curve is the cumulative distribution of the

amplitude variations obtained for the nearby F7-K2 main sequence stars (109 data Rmhtg)anel: same as in left panel, but with the

cumulative distribution of the amplitude variations obtained for the nearby stars observed with time distance greater than 3 days alone (46 data
points, stepped distribution).
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Fig. 5. The dots indicate the amplitude of X-ray variations observed in solar-type stars of Marino et al. (2002) in the band 0.7-2.4 keV vs. time

scale. Arrows mark the median values of stars observed with time separation of the same order. The solid line marks the median value of the
amplitude variations obtained from the AIMg Yohkoh observations of the Sun of Fig. 3.

each observation time and the time at which the minimum laverlaps the curves obtained for the Sun at shortest time scales,
consistently with the time scale distributions in stellar observa-
In order to compare star properties with Sun’s we compuiens, dominated by short time scale$0% < 1 day,~70%<

the stellar cumulative distribution of the amplitude variations month). We repeated the same procedure for the stars ob-
reported in Fig. 4 (stepped curve). The stellar distributigterved with atime distance larger than 3 days (about 40% of the

minosity was observed.
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Fig. 6. Residuals of the stellar amplitude variations from the solar median of Fig. 3 for stars in our sample versus time scale. Empty points
stars withL, < 10% erg's while filled points are stars with, > 10 erg’s.

stellar observations) and found (Fig. 4, right panel) that the statedian, i.e. they tend to be less variable than the Sun when we
lar distribution shifts towards larger amplitudes, qualitatively inonsider the same time scales.
agreement with the solar behaviour. Moderately active stard( < 10?8 erg's) show larger am-

Assuming that the Sun is representative of the So|ar_typ@:Ude variations. Residuals of 6 out of the 20 stars observed
stars in the solar neighborhood we expect that half of the stifigh time separation larger than one month are positive, while
will be above the solid line representative of the median of tiiée remaining 14 are negative, i.e. they are below the median
amplitude variations of the Sun in Fig. 3, and the remainirtglue delineated by the Sun. These numbers seem to indicate
half below. The distribution of stars in this plane, explored witfat at least a fraction of less active stars can have cycles simi-
a time scale in the same range used for solar analysis, is shd@rio that observed in the Sun. Of course our results are based
in Fig. 5. About half (32 out of 62 points) are indeed below then the assumption that stellar cycles have amplitudes and time
median and the rest above, but the figure shows that at st&g@les similar to the solar one, and we cannot exclude that pe-
time scale, stars tend to stay above the solar median (they€s and amplitudes very ftierent from the solar one can be
more variable than the median Sun), while at longer time sc&leesent in all stars.
they tend to be below the solar median (they are less variable
than the median Sun). The enhanced variability observed on
short time scales among the stars can be explained by the ®poummary

servational bias in the solar Yohkoh measurements, in whighis work we have analyzed Yohkoh solar X-ray synoptic ob-
as discussed in Sect. 1, the observational setup changed Wiigations in order to compare solar variability properties with
a large flare occurred, producing a bias against the large flatggy|ar ones. Our analysis shows that:

The dfect is to underestimate the amplitude variations of the

Sun at short time scales. — X-ray solar variations by a factor of two are common on
Since we know from Ca Il measurements (Baliunas et al. short-medium time scales, while variations by a factor of
1995) that the properties of the activity cycle depend on the three to four are due to long-term cyclic-like variability.
activity level, we report in Fig. 6 the residuals of the stellar— At most 60% of the spread observed in nearby star X-ray
amplitude variations from the solar median value versus time luminosity distributions can be explained by solar-like
scale, separately for stars with < 10?8 erg's (empty points)  variability.
and withL, > 10?8 ergs (filled points), wheré., has been de- — We have quantitatively determined how the solar X-ray
rived dividing the total number of counts for the total exposure variability changes with the time scale in the Yohkoh
time obtained summing up all the available observations. The energy bandpass.
time in the plot is in a logarithm scale in order to better show The comparison with variability properties of nearby stars
the behavior at short time scales. We note that active stars showindicates that a fraction of moderately active stdrg &
very small amplitude variations (within a factor of two) with all 10?2 erg’s) can have properties similar to the Sun, consis-
the points at time scales larger than one month below the solartent with the presence of X-ray cycles similar to the solar
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one, while the most active stars seem to lack these kindsHgfmpelmann, A., Schmitt, J. H. M. M., & Stepien, K. 1996, A&AS,
cycles. 305, 284
Kreplin, R. W. 1970, Ann. Geophys. 26, 367
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