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Spatially resolved X-ray emission of EQ Pegasi
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Abstract. We present an analysis of an XMM-Newton observation of the M dwarf binary EQ Pegasi with a special focus on
the spatial structure of the X-ray emission and the analysis of light curves. Making use of data obtained with EPIC (European
Photon Imaging Camera) we were for the first time able to spatially resolve the two components in X-rays and to study the light
curves of the individual components of the EQ Peg system. During the observation a series of moderate flares was detected,
where it was possible to identify the respective flaring component.
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1. Introduction contained in the ESS (Einstein Slew Survey) (Elvis et al. 1992).

. . . . EXOSAT detected an intense long duration flare during a co-
X-ray observations with thEinstein Observatorand ROSAT ordinated observation with the VLA (Pallavicini et al. 1986);

have shown the ubiquitous occurrence of coronae around mosf . . 4 modelling of these flares and the underlying phys-

classes of stars. ROSAT studies of volume-limited compleie Co
. : . . al propertie resented by Polotto et al. (1988). EQ Pe
samples of cool stars in the immediate solar neighborhood h%\\/ Properties IS pres y ( )- EQ Peg

& also detected in the ROSAT all-sk rve ch et al.
shown coronal formation around late-type cool dwarf sta > as ! sky surveyi(id

ith outer convection zones to be universal- all stars inve %99) and rapid flaring was simultaneously observed at optical
wi ut vection zones universal, afl stars Investiy X-ray wavelength with MEKASPEC and ROSAT (Katsova
gated with sfficient sensitivity were found to be surrounded bg

o~ : : ) [. 2002), wh h igh in X- f
X-ray emitting coronae (Schmitt et al. 1995; Schmitt & LlefkeO]E 215 02 c)ét\)l\r/ dﬁ]rst(ta deVSLO : rgzt?crgl Eegsglr;n drgg(sTbEygoﬁicitor

2003). Interestingly,_fully _convective M dwarfs have also beetgring of EQ Peg was carried out by Gaget al. (1998). They
found to be very active with freque_nt f'a“r‘s- : found a classic stellar flare with a rapid impulsive phase (ra-
EQ F_>eg 'S,a nearby (.6‘25 pe) visual binary (perdd0 yr, dio burst) followed by rapid chromospheric heating and cool-
separation 5.2) consisting Of. two M dwarfs of spec_tralling (U-band) and more gradual coronal cooling (X-ray and
type M3.5 and M4.5. It was first observed photoelectrical treme-UV). In addition they found atypical flares with either
to flare by Roques (1954), and Owen et al. (1972) found b hly polarized emission with no counterparts at shorter wave-

components of the system 1o be flare stars. lengths or moderately polarized flares that often have shorter-

EQ Peg has been observed at radio, optical, EUV, and X'r\%velength counterparts

wavelengths. Observations in the optical focused on the flare EQ Peg was also observed with XMM-Newton. In Sect. 2

nature of EQ Peg and marked emission line variability d%e describe the observations and the methods used for data

ing photometric quiescence was found (Bopp 1974) aswell;%I is. He e fo the data from the EPIC inst t
frequent optical flares on both components (Ral@878). A . alysis. Tiere we 10cLis on te cata from e nSTUments

in order to obtain spatial and temporal information on the two
Vng’zg] aghof EQ P?g the (t;rT was presetnted db_y :[I'opkat& dNtlr?r mponents of EQ Peg. In Sect. 3 we present the results fol-
( . )'. €y res? vedbo S:ornponen S and Interprete el@ﬂ/ed by a summary and discussion in Sect. 4.
dio emission as “quiescent” since they found it unlikely tha
both components flared at the same time. The radio emission

was confined to each component and Topka & Marsh (1982) Observation and data analysis

concluded that radio production mechanisms do not depend
; : : o : ; Peg AB (V = 1032 magl2.4 mag) was observed on
binary interaction (which is plausible due to the separation §0§ .

y ( P P 00 July 9 (MJD= 51734) with XMM-Newton. The 15ksec

~25AU). ) .
) rﬂserva’uon of EQ Peg (see Table 1) provided useful data

EQ Peg was observed by all major previous imaging X- .
. : _all EPIC (European Photon Imaging Camera) detectors.
missions and again found to flare frequently. EQ Peg was e EPIC instrument consists of three CCD cameras with

d with thé&instein Ob t i tal. 1981)andi ) ;
servedw instein Observatorgvaiana eta Jan IStwo different types of CCD design, resp. two MOS (Metal

Send gprint requests toJ. Robrade, Oxide Semi-conductor CCDs) and one PN (pn CCDs), pro-
e-mail: jrobrade@hs.uni-hamburg.de viding imaging and spectroscopy. The EPIC cameféar the
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Table 1. Observation log of EQ Peg. o

Instrument (Mode) Duration (s) Obs-time
MOS (FF, thick F.) 14600  2000-07-09T11:39:13-15:42:32
PN (FF, thick F.) 12410 2000-07-09T12:20:16-15:47:05 19.938

19.939

19.938
possibility to perform extremely sensitive imaging observi n
tions over the telescope’s field of view of’3hd in the energy 19.937
range from 0.15 to 15 keV with good angular and modera
spectral resolution. A detailed description of the XMM instru 19.937
ments can be found in Ehle et al. (2003). All EPIC instrumen
(MOS/PN) operated in the full frame mode with the thick fil- 19.936
ter inserted. Unless otherwise indicated we used for our pi
poses the full energy bandpass of the EPIC instruments, re 19.935
0.15keV to 12.015.0keV. 352.970 352.969 352.968 352.967 352.966
The data were reduced with the standard XMM-Newton o i
Science Analysis System (SAS) software, version 5.4.1. Lighg: 1+ 'mage of the EQ Peg system (MOS1) with linear bright-

curves and images were produced with standard SAS tools ﬁffils scaling. The image is elongated, suggesting the presence of twe

standard selection criteria were applied for filtering the data. D ,ggg?ts' Analysis shows that the X-ray brighter component s

Fig. 1 we show the image obtained with the MOSL1 detector.

The image looks elongated and it is reasonable to assume the

elongation is due to emission from both components of EQ P#&ygth the measured counts; and model counts; ;. The model

The image elongation can be seen clearly in MOS1, but notdauntsn; ; are constrained to conserve the total number of

MOS2 and PN due to the triangular shape of the point sprez@lints, i.e.3; ; nij = 3 ; Cij-

function (PSF) for MOS2 and the bigger pixel size in PN. The mean PSF-parameters énda) as determined by in-
For a quantitative analysis of the MOS1 image we devdlight calibration (Ghizzardi 2001) did not lead to good fit re-

oped a fitting procedure applicable to the measured event diglts for our EQ Peg data. It turned out that especially for the

tribution in order to confirm the detection of the two compovalue of the core radiusd) binning and pile-up fects have to

nents of EQ Peg and to determine accurate source positibesonsidered, while the variation of the slepis only moder-

and count rates. For this procedure we optimize a set of @de. In order to find a better representation for the shape of the

rameters describing the modelled event distribution on the IR$F we carried out a parameter study for our data from EQ Peg

plane. The modelled event distribution is constructed on taad for XMM-Newton observations of single point sources,

basis of the PSF (Kirsch 2002), which is composed of a Kirgyg.,e Eri with a comparable detector configuration and pile-

component plus background up level. From this study we found a slope®f 1.45, which
agrees with the calibration value, and a value for the core ra-
PSE= % + BKG (1) diusofrc = 4.45, i.e., a reduction 0£20%, to be better suited
(1 +(5) ) to model our data.

With the redetermined PSF parameters we modelled the

with the core radius., the slopea (model parameters), theevent distribution. In Fig. 2 we show a one-dimensional rep-
distance to the peak position and the amplitudé (source resentation of our fit results for the EQ Peg observation. For
parameters). The background flux BKG was determined frdhis purpose we integrated along the declination axis, which al-
source free regions in the detector and is kept as a fixed mo@@st matches the main axis of the EQ Peg system and binned
parameter. We place two such King components near the ¢ data into a histogram. As can be seen in Fig. 2, the model
sitions of the two sources and apply an optimization algorithi¢scribes the data very well.

seeking best-fit values for the amplitudgsandA, and the po-

sitionsry = (X1,y1) andra = (X, y2) of each component. We3 Results

thus determine the model counts in the spatial bif)( '

3.1. Determination of exact source positions

Aq Ao
n,j = 7 + < + BKG 2 Cg . :
b (1+(r1-ri\j)2) (1+(r2-ri\j)2) @ A first inspection of Fig. 1 suggests the presence of two

re sources. Since the angular resolution of the MOS1 detector is

and apply Powell’s algorithm (Press et al. 1999), a robust mul f the same order as the separation of the two components of

. . L N I . Q Peg £5”), it is clear that we are operating at the limit of
dimensional minimizing routine, in order to minimize the like- . . .
lihood function the spatial resolving power of the MOS1 detector. We applied

our PSF algorithm to the EQ Peg dataset to determine precise
L= _22 Iog(ni,,- X Gj— ni’j) (3) source positions. We use the MOS1 data from x50 field
centered on the position of the EQ Peg system. The calculated

fe

ij
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Fig. 2. The event distribution of EQ Peg, fitted with the PSF model.
Shown are the individual components as well as the sum of both com-
ponents compared to the data (histogram).

o
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Table 2. Position fit results (1o~ errors), ref. data from Simbad 1 1 1

0 5 10 15
(FK5/2000). TIME (ksec)
EQ Peg A EQPeg B Fig. 3. Light curve of the EQ Peg observation as measured by the
Fit Ref. Fit Ref. PN (black) and MOS#%2 (grey) detectors with 100 s binning.
RA (23:31:) 52.1%0.01 52.18| 52.57+0.02 52.53
(352.9674) (352.9690)
Dec (+19:56:)  14.16:0.05 14.10| 14.05:0.10  13.90 400 T ‘
(19.9373) (19.9372) flaring phase
EQ Peg System Fit Ref.
Separation’() 6.0+ 0.3 5.2 300

Count ratio AB 3.4+0.2 4.2+0.3(quies.) 2.20.2 (flare)

Ir|

quiescent phase ’Jﬂ

. . . . 5 20
source positions as listed in Table 2 agree well within the errors

with the optical positions taken from literature (Perryman et al.
1997). Here proper motion corrections were not applied since

L B B I B

they are small because the observation took place in July 2000.'%° ’LIR

We therefore conclude that we indeed identified the two X-ray Ly il

sources with the optical counterparts. ﬁ__‘,.,n_;-f L0, ]
The algorithm was also used to determine the absolute 10 20 20 40 50

number of counts per source and the count ratio of the arcsec
sources. EQ Peg A was on average a factor®b brighter

. . Fig. 4. Comparison of the event distribution during the quiescent and
than EQ Peg B during the total observation.

flaring phase.

3.2. Identification of flare activity

From the image obtained with MOS1 the two components of

EQ Peg can be separated. In Fig. 3 we plot the light curves for o i
the EQ Peg system as observed with théedént EPIC detec- edge of the event-distribution. In the quiescent phase EQ Peg A

tors. Inspection of the total light curves in Fig. 3 shows that tfiominates the emission and the second component is only
EQ Peg system stayed more or less quiet during the first 8 ks@@rginally visible, while during the flaring phase EQ Peg B
afterwards a rise in count rate is detected in all three detectd¥dghtens up and becomes more clearly visible.
We therefore divided the data set into two parts separated atThe analysis of the X-ray images as carried out for the total
t = 7.86ksec where we consider the first part the quiescesiiservation (Sect. 3.1) can be repeated for tfiedint phases
phase and the second part the flaring phase. of activity. Application of our PSF algorithm to the two sub-

In Fig. 4 we display the event distributions of these tweets with variation of only the amplitude parameters returned
subsets; the histograms were created in the same way athancount rate of EQ Peg A to be a factot higher than for
Fig. 2 and are corrected for thefidirent integration times. EQ Peg B in the quiescent phase, while in the flaring phase the
Here EQ Peg A is the X-ray brighter component on the rightatio wass3. The results of the fitting procedure for the EQ Peg
EQ Peg B corresponds to the weaker component on the leffitservation are summarized in Table 2.
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Fig. 5. Light curves of the two components extracted from a circular
region around each component. N ‘ ‘ .
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Fig. 6. Division of the MOSL1 light curve into seven time intervals (top)
3.3. Reconstruction of individual light curves and derived flux ratios (bottom).

Having found that the major flaring activity is due to EQ Peg B, o0.6¢ E EQPegB

we decided to carry out a systematic light curve analysis of bo&ﬁ 0.5F 3
components of the EQ Peg system. As a first approach we egx 7 3
tracted two diferent light curves from the MOS1 data by plac-S
ing a circular region with 2/5radius around each component,2 0.3 3 3

concentrating on the core of the PSF. S 02

In Fig. 5 we show these light curves binned into 7.5 min 0 15
bins. Again, EQ Peg B is more variable and its count rate rises time (ksec)
by a factor of-2 at the peak of the flare while EQ Peg A shows

only marginal brightening compared to the quiescent emlssm(h B 4% FQ e
level. Clearly, the extraction regions used do contain photoﬁn 3 3
contamination from the respective other component due to tbﬂe SE E
wings of the PSF. Nevertheless, the individual light curves alsgw

suggest uncorrelated variability between the A and B compo- '
nents. In particular, the flaring at the end of the observations o 5 10 15
(e.g..t 2 11 ksec) seems to originate from the A component. time (ksec)

For a more detailed quantitative treatment we utilize ogfg. 7. Light curves of EQ Peg B (top) and A (bottom) calculated with
PSF algorithm in order to reconstruct the individual lighhe PSF fitting algorithm.
curves. We divide the dataset into seven time intervals cover-
ing the various phases of activity as shown in the upper panel
of Fig. 6. From our PSF algorithm a count ratio for each timee.,~0.2 countgs, however, the relative change in count rate is
interval can be determined and in the bottom panel of Fig.nsuch higher on EQ Peg B.
we show the development of this count ratio. While the main
flaring activity is located on EQ Peg B (indicated by the d
crease of the B count ratio afte~5 ksec) there is also some
activity on EQ Peg A especially during the later phase of the order to quantify eventual changes in the physical condi-
observation. tions accompanied by rising count rates we calculate a spectral

From these ratios we calculated light curves for each ihardness ratio for the sum of both components in two energy
dividual component, which are shown in Fig. 7. Although thieands, resp. 0:20.5keV (soft) and 1.010.0keV (hard). The
light curves consist of rather large time bins the main featureardness ratio was calculated from PN data which were cleared
visible in Fig. 5 are also present, i.e., a flare on EQ Pegf8r pile-up dfects.
around 10 ksec and the flaring activity on EQ Peg A towards the In Fig. 8 we show the spectral hardness ratio (fsif)
end of the observation. The rise in count rate associated wibhthis observation binned every five minutes vs. the measured
the flare activity on both components is nearly equally strongpunt rate. The hardness ratio increases during the times where

$.4. Development of the spectral hardness
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for the diferent phases of activity. During the early (quiescent)
phase of the observation the emission is strongly dominated by
EQ Peg A, which is a factor of4-5 brighter than EQ Peg B.
Comparison of the quiescent and active phases made it pos-
sible to associate most of the flaring with EQ Peg B, which
nearly doubled it's X-ray brightness during the peak of the
flare. The count ratio during the peak of the flare on EQ Peg B
dropped to~2.5-3. We also found evidence for flaring activ-
ity on EQ Peg A towards the end of the observation, consistent
with previous findings that both stars exhibit flaring behavior
(e.g., Rodon’1978). In fact, the relative brightening during the
flares is much stronger for EQ Peg B, but the absolute increase
in flux is comparable for both stars. The energy released by
these flares is obviously very similar, although the quiescent

Fig. 8. Hardness ratio (410 keV/0.2-0.5 keV) derived from PN data emission level is quite étierent. The flaring X-ray emission of

VS. count rate.

the EQ Peg system shows the typical hardening in the spectral
energy distribution as expected for stellar flares.

we also observe increases in count rate. We calculated a lin- _ ) _ ) _
ear correlation cd&cient and found a correlation probab”ityAcknowledgementsThls work is based on observations obtained with

of 99.9%. We therefore interpret the simultaneous increas !
count rate and hardness of the emission as flare heating ofgi"}g
coronal plasma. When comparing the calculated average hard-

MM-Newton, an ESA science mission with instruments and contri-
ions directly funded by ESA Member States and the USA (NASA).
and J.-U.N. acknowledge support from DLR under 500R0105.

ness ratios during the time intervals defined in Sect. 3.2 as the
quiescent phase and the flaring phase we find an increas®éferences

hardness by 12 2% from the quiescent phase into the flarin
phase, whereas the increase during individual flares is subs@tgb

tially stronger.
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