Mem. S.A.It. Suppl. Vol. 9, 244
© SAIt 2006

\1ONOm;e
N

<
& 45‘\ %

& /;

o

K g/
» K\
5 1/
Ly

>,

° O’
% X
‘@ degi $0¢

&
n"‘\\

Memorie della
Supplementi

ti

S,
C,
i,

Rotational modulation of X-ray emission in
Orion Nebula young stars

E. Flaccomio!, G. Micela!, S. Sciortino!, E.D. Feigelson2, W. Herbst, F. Favata®,
F.R. Harnden Jr.>¢ and S.D. Vrtilek’

INAF-Osservatorio Astronomico di Palermo Giuseppe S. Vaiana, Piazza del Parlamento

1, 90134 Palermo, Italy e-mail: ettoref@astropa.unipa.it

Department of Astronomy and Astrophysics, 525 Davey Laboratory, Pennsylvania State

University, University Park, PA 16802, U.S.A

Department of Astronomy, Wesleyan University, Middletown, CT 06459, U.S.A

Astrophysics Division, Research and Science Support Dept. of ESA, Postbus 299, 2200
AG Noordwijk, The Netherlands

5 Smithsonian Astrophysical Observatory, 60 Garden St., Cambridge, MA 02138, U.S.A
Universe Division, Science Mission Directorate NASA Headquarters

Abstract. We present the detection of rotational modulation of X-ray emission from the
Orion Nebula Cluster (ONC) young stars. This result is obtained with the Chandra Orion
Ultradeep Project (COUP) thanks to the exceptional length of the observation: 10 days of
ACIS integration during a time span of 13 days. We apply the Lomb Periodogram method
to the X-ray light curves; comparing the X-ray modulation periods with published rotation
periods, we find that the two are statistically related. X-ray rotational modulation is often
observed in stars with saturated activity levels, indicating a substantial inhomogeneity in the
spatial distribution of active regions. Saturation is thus not due to the filling of the stellar
surface with active regions.
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1. Introduction

Observations of rotational modulation of X-
ray emission from low mass stars can yield
information on the spatial distribution of the
emitting plasma. Such observations are to
date scarce because typical X-ray observations
are shorter than most stellar rotation periods.
Exceptions are the detection for VXR45, a fast
rotating (P,,=0.22d) G9 ZAMS star (Marino
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et al.l2003), for AB Dor (Hussain et al.2005),
a KO ZAMS star with P,,,=0.5d and, possibly,
for EK Dra (P,,;=2.7d) by Guedel et al. (1995).
The COUP collaboration has obtained an al-
most uninterrupted 850ks long Chandra ACIS
observation of the ONC (Getman et al.[2005),
detecting 1616 sources in the 17°x17° FOV. We
thus have the unique opportunity to study rota-
tional modulation of X-ray emission on a large
sample of PMS stars.
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Fig. 1. Upper panels: light curves for COUP sources 174 and 932. Rotation period, extracted net counts and
stellar mass are given in the upper part of the plot. Horizontal segments above the light curves indicate the
length of one rotation period. Second row: periodograms. The vertical line indicates the frequency 1.0/P,,;.
Dashed curves indicate 1% and 0.1% FAP thresholds. The most likely X-ray period is reported in the upper
right corner (with in parenthesis the ratio Px/P,,,) along with the FAP. Third row: light curves folded with
Px. Different symbols indicate data-points belonging to different modulation cycles. The solid line indicates
the average count-rate as a function of phase. Fourth row: light curves folded with the optically determined

rotation period.

2. Sample and analysis method

We restrict our study of X-ray rotational mod-
ulations to 233 stars with more than 100 de-
tected X-ray photons, with rotational period
P,,: known from optical studies (Herbst et al
2002; Carpenter et al.2001;[Herbst et al/2000;
Stassun et all1999) and with P,,; > 2 days.

We apply the Lomb Normalized
Periodogram (LNP) method (Scargle 1982)
to binned X-ray light curves. In an attempt to
exclude flares, we analyze both the original
light curves and light curves that are trimmed

above a count-rate threshold determined from
the distributions of count-rates. We search the
LNPs for peaks in the period range 2-13 days
and we compute False Alarm Probabilities
(FAPs) taking into account non-rotational
variability (e.g. flares) with a timescale < 8
hour.

3. Results and conclusions

Figurel1 illustrates two cases in which modu-
lation is detected with X-ray periods similar to
P,,i. We show, from top to bottom: ACIS light-
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Fig. 2. Distribution of the logarithm of the ratio be-
tween X-ray and optically determined periods for X-

ray periods with FAP < 0.1%. Vertical lines indicate
ratios of 1/4, 1/2, 1, 2 and 4.

curves, periodograms and light curves folded
with both Py and P,,.

Figure 2| shows the distribution of the log-
arithm of the ratio between X-ray and opti-
cally determined periods for the 34 sources
for which our analysis yielded an X-ray period
with FAP<0.1% both for flare-filtered and un-
filtered light curves. Two peaks are visible, cor-
responding to Py ~ P,, and to Px ~ 0.5P,,,.
We interpret this plot as evidence that X-ray
periods are indeed related to the optically de-
termined rotation periods, even though we of-
ten observe aliases of the real period. Several
X-ray periods do not lie in one of the two main
peaks of the Px/P,), distribution; extensive
Monte Carlo simulations of light curves that
include flares, analyzed with our method, in-
dicate that these are likely spurious detections
due to the presence of non-rotational variabil-
ity (e.g. flares) that was not fully removed or
taken into account in the calculation of FAPs.
We thus define a “bona fide” sample of stars
with rotationally modulated X-ray emission
that includes only stars whose Px/P,, falls in
one of the two main peaks as depicted by the
hatched area in Fig. 2|

Figures [3/ shows the Ly /L, vs. mass scat-
ter plot for all the ONC members with >
100 ACIS counts, the stars considered in the
present study (i.e. those with P,,, >2d) and our
“bona fide” subsample of modulated stars. We
note that: 1) the modulation is observed at all
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Fig.3. Log(Mass) vs. Log(Lx/Lyo) for for all
COUP sources with >100 ACIS counts (global), for
the sample for which we performed the period anal-
ysis (searched) and for the subsample of this latter
of “bona fide” X-ray modulated stars (modulated).

masses; 2) we detect modulation in saturated
stars (i.e. Lx/Lyoy ~ 1073). We note moreover
(not shown) that the modulated sample is bi-
ased toward the most X-ray active stars. We
interpret this as an onservational bias. Based
on the observation of rotational modulation in
~ 10% of our search sample, our main con-
clusions are: i) X-ray emitting plasma is inho-
mogeneously distributed in longitude; ii) dom-
inant emitting structures are likely compact
with sizes < R,; iii) saturation of activity,
Lx/Lyo ~ 1073, is not due to the filling of the
stellar surface with active region.
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