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REPEATED X-RAY FLARING ACTIVITY IN SAGITTARIUS A*
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ABSTRACT

Investigating the spectral and temporal characterisfitise®X-rays coming from Sagittarius A* (Sgr A*) is
essential to our development of a more complete understgrdithe emission mechanisms in this supermas-
sive black hole located at the center of our Galaxy. Severady<flares with varying durations and spectral
features have already been observed from this object. Herneresent the results of two londviM-Newton
observations of the Galactic nucleus carried out in 2004 aftotal exposure time of nearly 500 ks. Dur-
ing these observations we detected two flares from Sgr A* withk 2—10 keV luminosities about 40 times
(Lx ~9x10* ergs?) above the quiescent luminosity: one on 2004 March 31 anthanon 2004 August
31. The first flare lasted about 2.5 ks and the second about Biescombined fit on the Epic spectra yield
photon indeces of about 1.5 and 1.9 for the first and secorariapectively. This hard photon index strongly
suggests the presence of an important population of namtdeslectrons during the event and supports the
view that the majority of flaring events tend to be hard andveoy luminous.

Subject headings. black hole physics — Galaxy: center — Galaxy: nucleus — Xsrapbservations — stars:

neutron — X-rays: binaries

1. INTRODUCTION

Sagittarius A*, the black hole at the Galactic center, is a
source of fascination and curiosity for many in the astraghy
ical community. There are several reasons for this, inalgdi
the fact that Sgr A* provides us with the most compelling ev-
idence to date for the existence of supermassive black hole
in the universe and is the closest such object (Schodel et a
2003; Ghez et al. 2003). Its relative proximity allows usrto i

vestigate SgrA*’s radiative characteristics, as well ass¢h

of its nearby environment, with great detail and excellent

S i .
(what we now consider to be the first X-ray counterpart

magnetic reconnection, the emission characteristics fham
acceleration of charged particles in the strong magnetic an
gravitational fields, the relationship between radiatibdif
ferent wavelengths, and the processes that give rise te thes
(see Melia & Falcke 2001 for a review).

In early 2001, theChandra X-ray Observatory detected

(Bagandr et al. 2003) to the radio source SgrA*. The qui-
escent state of this source was characterized by a power-law
photon indext"=2.7*33 and a derived 2—10 keV luminosity

spatial and spectral resolution in all of the accessibleewav Of Lx =(2.2+0.4)x 10¥ ergs™. Itis thought that the same
bands. In addition, unlike more typical active and bright Population of electrons that produce the synchrotron péak a
galactic nuclei, SgrA* is very dim and shines at less than sub-mm wavelengths give rise to this quiescent component
10° (Melia & Falcke 200[L) times the Eddington luminosity through synchrotron self-compton (SSC) (Liu & Melia 2001;

for an object of its mass, now thought to bex 3.4x 1P M,
(Schodel et al. 2003). This faintness is itself intriguengd

Markoff et al. 2001).
In the fall of the same yea€handra detected the first X-ray

raises many more questions about the conditions that exist i flare from this source| (Bagafi@t al. 200{1). This flare lasted

the environment surrounding the massive black hole.

about 10 ks, had a harder photon indexief 1.3+ 0.6, and

And yet, this faintness may actually be a blessing in dis- reached a peak luminosity &f = (1.0+0.1)x 10* ergs*
guise for probing the innermost regions of this object, for (Or factor 45 above the quiescent level). To this day, twd-add
it points to an optically thin envelope that is almost trans- tional bright flares from the direction of Sgr A*, with vargn
parent to high-energy IR and X-ray photons produced dur-time scales and spectral features, have been detected-and re
ing transient events manifested within a mere handful of ported. Goldwurm et al. (2003a) reported the detectionef th

Schwarzschild radiirg = 2GM/c?, or roughly 9x 10 cm)

rising portion of a flare from Sgr A* over some 900s. They

of the event horizon. Thus, the Galactic centre’s supermasfound a flare photon index df=0.7+ 0.6, compatible with
sive black hole provides a wonderful laboratory for the gtud the Chandra flare photon index within the errors, and they
of accretion and related phenomena, including the formatio derived a peak luminosity dfy = (5.4+ 1.0)x 10> ergs™ (a

and evolution of accretion disks, the causes affdcés of
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factor 25 above quiescence). The most recent report of a flare
from Sgr A* is that presented by Porquet et al. (2003). This
flare was quite dferent from the two previous events, for it
lasted roughly 2.7 ks, had a soft spectral index .5+ 0.3),

and reached a surprisingly high peak 2—10 keV luminosity
of Lx =(3.6+ 0.4)x 10° ergs™. This corresponds to an un-
precedented factor 160 above the source’s quiescent lismino
ity.

X-ray flaring activity in SgrA* could be induced by a
sudden enhancement of accretipn (Liu & Melia 2002a), from
a swift acceleration of electrons in a magnetic flare near
the black hole (Liu, Petrosian, and Melia 2004), within
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a jet (Markdf et al. 20001), or perhaps through some other

nonthermal process within a radiatively ffieient accretion TABLE 1
flow (Yuan, Quataert, & Narayan 2003 and 2004). Further- Oservatio Lo
more, short time scale X-ray and IR flares could be much . . .
' 4 S ObsID Obs Start t Obs End ti
more dfficult to detect if the luminosity of SgrA* were y S(Ufa)r me ([Q'JT)n me (E;*{a“"”

even slightly larger in which case the thermal SSC emis- 288 2004-03.28T 145708 2004-03.30T044400  112.6

sion would possibly dominate over the non-thermal emission g9 2004-03-30T14-46-36  2004-04-01T04-35-49  123.4

(Yuan, Quataert, & Narayan 2004). The recent detection of g6 2004-08-31T03:12:01 2004-09-01T16:4558  130.1

SgrA* in the near-IR band in both the quiescent and flar- _867 2004-09-02T03:01:39  2004-09-03T16:35:35  131.4

ing states|(Genzel et al. 2003), and the more recent detectio

of a correlated increase in near-IR and X-ray flux (Eckart et

al. 2004), provide further important constraints on buitda

comprehensive model of this source. Although relatively fe 866 and 867, between 2004 August 31 and September 2 for

instances of detected flares from Sgr A* have been reporteda total exposure time of 490 ks, during which the Epic Mos

there appears to be two “types” of flares—the soft and hard—and PN cameras were PrimeFullWndow and PrimeFull-

and a model that can naturally explain both of these types ofWWindowExtended modes, respectively, during epoch 1, and in

events is presented in Liu, Petrosian, & Melia (2004). PrimeFullWindow during epoch2. The log of the observa-
We here present the results of two loXlyIM-Newton ob- tions is presented in Tablp1. We will use epoch1l to refer

servations of Sgr A* and the Galactic center in which we de- to the observation period spanning ObsID 788 and 789, and

tected two flares that rose to a factor of 40 above the quiéscenepoch 2 for the one spanning ObsID 866 and 867.

luminosity from the direction of the central black hole, and  We generated event lists for the Mos 1, Mos 2, and PN

several other, less significant events that could also béngpm cameras using themchain andepchain tasks of theXMM-

from Sgr A*. Both of these observations were conducted con- Newton Science Analysis System v6.1.0. These were sub-

currently withIntegral in order to investigate possible links sequently filtered and used to construct images in two en-

in the manifestation of a sudden enhanced accretion, magergy bands: 0.5-2 keV, and 2-10 keV. The filter on the

netic reconnection, or other types of events in the hard X- event pattern inimaging mod@ATTERN < = 12 for Mos, and

ray (2-12 keV) and soft gamma-ray (20-120 keV) domains. PATTERN < =4 for PN), ensures that only events created by

Furthermore, a set of other observations of Sgr A* covering X-rays and free of cosmic ray contamination are selected. Ar

the radio, sub-millimeter and infrared frequencies, ceord tifacts from the calibrated and concatenated datasetsets w

nated with the 200&KMM-Newton large project, were also  as events near CCD gaps or bad pixels are rejected by setting

planned and partly performed, and two new transient radio (FLAG==0) as a selection criterion. A further selection on the

sources were discovered with the V05). maximum count rate in the 10-12 keV range (1§s}tdor

Results from théntegral observations|(Belanger et al. 2005) Mos and 12—-14 keV range (22 ¢$3 for PN was applied to

and from the overall multiwavelength campaing will be re- exclude all periods of increased charged particle flaririg-ac

ported elsewhere. The two main flares, which we will refer to ity. This stringent selection criterion was only appliedhe

as the factor-40 flares hereafter, occurred on time scales beimage construction.

tween 2500-5000s and have similar spectral charactatistic  The heavy absorption in the direction of the Galactic center

These may be added to the statistics of detected flares fronprevents photons from this region having energies below 1.5

Sgr A* and add weight to the interpretation that there are in- 2 keV from reaching us. For this reason, we used the 0.5-

deed two types of flares, bright and soft or not-so-bright and 2 keV images of foreground stars to identify counterparts fo

hard; and that the majority of these events are of the latterastrometric corrections, and the 2—10keV image to determin

kind. A larger sample of such events is essential for constru the flare centroid.

tring a more robust classification—and thus identificatiarf—

the causes for this flaring activity in Sgr A*. Furthermore, a 2.1. Astrometry

brightening of the region around Sgr A* by a factor-o2 in We identified thredycho-2 and twoChandra sources with

the 2—-10keV band with respect to all previo®M-Newton positional uncertainties of 025 and 016, respectivel§. Of
observations of the Galactic center is evidentin both @#$as  these calibration sources, three were in the central Mos CCD
The astrometry-corrected fitted centroid of this emission ¢ and two just outside of it. This is an essential point in the as
incides with the position of a bright transient lying abolt 3 trometric corrections because the positional uncertafty
south of SgrA* and discovered bghandra in the summer  \1os CCD relative to another is 175 and this therefore de-

of 2004 (Muno et al. 200%a). Here we will only briefly com-  tarmines the minimum systematic positional uncertaingrov
ment on the emission characteristics of this new source, CX-the whole field of view. However, if we have at least three cal-

OGC J174540.0-290031, during th&IM-Newton observa- ipration sources in the central CCD, then we can reduce this
tions and refer the interested reader to Porquet et al. 02005systematic uncertainty for sources in that CCD.

and Muno et al. (2005b) for further details.. , The astrometric correction was done by first running
The structure of this paper is as follows: §§ we describe  ogetect chain using the 0.5-2keV images to get a list of the
the observations and the analysis methods used to reduce thgetected sources with their fitted position and associdted s

data. In§f§, we present the results of the analysis, an8fin tistical uncertainty. Then, usineposcorr that optimizes the
we discuss their possible implications and interpretation

8 The astrometric sources are: Tycho-2 6840-20-1, 6840-
2. OBSERVATIONS AND METHODS OF ANALYSIS 666-1,  6840-590-1, CXOGC J174545.2-285828 and  CX-

_ ; ; OGC J174607.5-285951. Tycho-2 positions were taken from
The XMM-Newton satellite observed the Galactic center as http://ww. astro.ku.dk/"c£/CD/data/catalog.dat and  astro-

part of a large project during_ revolutions 788 and 789, be- metric precision from Hog et al. (2000¢handra positions are from Muno
tween 2004 March 28 and April 1, and then during revolutions et al. (2003) and errors are from Bagénet al. (2003a)
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(Yusef-Zadeh et al. 19P9). The light curves for each observa

A@TROM]IFAI;E:LgoiRECTIONS tion were made from the event files of the Epic instruments;

° ’ Mos 1, Mos 2 and PN, using the times of the first and last
events overall to determine the bounds used to define the tem-
poral bins. We constructed a rate set for each event file, cal-

ObsID 789 ObsID 866

géAci Og:?;;t ----------- —Ztg;f 8-2(6’ 82& 8% culated the fective bin time defined as the sum of the good-
Rotation ... 20204030 —005+0.25 'qme-mtervals (QTIs) within a bin, applled the GTI correc-
RMS before correction 32 140 tions by multiplying each rate by the ratio of nominal binéim
RMS after correction . B9 088 to effective bin time, and finally summed these corrected rates
NotEe. — All quantities are given in arc seconds. The column for all temporally coincident bins.

ObsID 789 lists the parameter values for Mos 2 and ObsID 866 fo To correct for background fluctuations even though they are

Mos 1. No significant rotationalftset was detected in either case Il dtob ligibl .

and therefore none was applied in the analysis. generally assumed to be negligible on a source extractioa zo

as small as 10 we extracted a background light curve from
an annular region with inner and outer radii of 10 and 500
] » ) ] arcsec around Sgr A*. These background rates were also GTI-
Correlat|0n betWeen the pOSItIOI’]S Of the Callbl‘atlon Sesirc corrected and then rescaled to the area of the source éxtract
and their X-ray counterparts allowing for a displacement in zone before being subtracted from the source rates. (The max
R.A. and Decl. as well as rotation, we found the boresight jmum background count rate we found for any given bin was
corrections for the three Epic instruments. The Mos cameraspf the order of 10% of the source count rate).
have smaller pixels, and therefore a finer angular resaiutio  This procedure yielded the background subtracted, GTI-
than the PN instrument. We therefore used the Mos imagescorrected light curves. The GTI correction was particylarl
for our astrometric study of the obervations during whioh th _important for the data of ObsID 789 during which high lev-
flares occured, namely ObsID 789 and 866. The results of thisg|s of background solar flare particles caused the sataratio
study are listed in Tab(d 2 where we give thiésets and root  pyrers and thus the loss of data in the PN camera by switching
mean square (rms) dispersion in the positions of the astrome it to counting mode for short time periods and so generating
ric sources with respect to their reference positions leedod  several short GTIs. In such instances, the count rate must be
after correction. ) S estimated on longer time scales and thus larger binning.
Although we performed this procedure for each individual  For all light curves, we excluded the bins that correspond
camera as well as for the merged Mos event list we used theg time periods that do not have simultaneous coverage by all
Mos 2 results for our analysis of the first flare (ObsID 789) three instruments, and those with very high count ratesiseen
and the Mos 1 for the analysis of the second (ObsID 866) gnly one of the instruments; identified by looking at theaati
since these had the smallest dispersion after boresight corofthe Mos to PN count rates. All light curves presented is thi

rections. We found that the merged Mos image systemati-paper are combined Epic light curves (Mos Mos 2+ PN).
cally yielded smaller fisets in both coordinates and that the

rms dispersion remained in the rangéao 1’2 before and 2.3. Spectral extraction

after boresight corrections were applied. This behavieur i The source and background spectra for each flare were ex-
expected since the astrometric precision derived fronb@i  tr5cted over a circular region with a radius of”1€entered

tions and jchat rely upon the knowledge of the.osition of one 5, SgrA*, and in each case, the backgrounds were inte-
camerawith respect to the other is stated’@5[Kirsch 20056). grated over about 50 ks during “quiescent” periods — ex-
So even though we can generally expect smalftsets and ¢y ding flares and eclipses — as done by Goldwurm et al.
dispersions before corrections when using the merged Mos;003 and Porquet et al. 2003. This ensures that the spectrum
image as this naturally averages the astrometry of both Mosis composed of almost only flare photons such that the con-
cameras, the minimum dispersion after corrections will al- yjption from the underlying nearby emission is negligibl
ways be aroun‘q 2. U”nusually large dispersions can be The time windows over which each flare spectrum was ex-
caused by the “splitting” of one or more of the astrometric tracted were optimized for maximum signal to noise ratio and
sources by a column of bad pixels as was seen in Mos 2 dure 197161000:197163000] for the 2004 March 31 event and
ing ObsID 866. Astrometric corrections maximize our abilit - [210335000:210337500] for the 2004 August 31 flare, given
to locate sources and to distinguish a flaring source from its 55 x\pM-Newton time in units of seconds (see Figuﬂes4 and

closest known neighbour as is our intention here. f). These intervals correspond to 2000 and 25005 resplgctive
We found that the change in position due to corrections of 3,4 qo not cover the entire event.
up to 2.7" in a given coordinate has negligiblécts on the Since the source photons represent between about 35 and

light curve and spectra that are constructed by integra®g 5094 of the total counts, and that these are in all cases quite
a 10’ radius around the source. This is primarily due to the |,y in number, we used the C-statistic to fit and derive the
shape of the instrument point spread function which is char- 4| parameters. In the context of this statistic, the @ur
acterized by a very narrow peak and broad wings. As long asgpectra do not have to be rebinned. However, the method re-
the peak is included in the extraction region then variaion qyires a moderately well defined background with at least 5-8
due to a shifted centroid are completely negligible. Eaeh in -onts per bin and we therefore grouped these usimgha
dividual event list is treated separately to ensure propedg  gych that each bin contains a minimum of 10 counts. To en-
time-interval corrections. sure coherence between the source and background spectra,
: . we applied exactly the same grouping to the source spectra.
2.2. Light curve construction Regrouping in larger bins, with 20 counts per bin for exam-
The source extraction region is defined as a circular ple, gives parameter values that are statiscally consiatiém
area of radius 20 centrered on SgrA*s radio position: the ones derived from the ungrouped data set.
(J2000.0) R.A= 17"45™40°0383, Decl. = —29°00'28"069 The redistribution and ancillary response matrices were
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generated for each source spectrum usingrthfgen and 3.1. Flare Analysis
arfgen SAS tasks. The position of the flaring source was determined by run-
3. RESULTS ning edetect_chain on an image of the central region con-

. . structed by selecting events in a temporal window corregpon
Flgur_esﬂl and]2 show the epoch 1 and epoch 2 light CUVESg to the duration of the flare, and applying the astrometric

respectively. Two large flares and a few smaller ones are apqections to the fitted position of the most significant de-

parentin the second portion of Figite 1 and the first porton o tection. The resulting flaring source position for the 2004

_FIgL_JI’d]Z. More detailed views of the flaring periods are shown p15rch 31 event was found to be: R.A.17'45M40508. decl.

n Flggres[h andle. , . = -29°00'2848, J2000 with an uncertainty in the position of
During epoch 1, the flaring activity occurs towards the end 1715 ' caculated by combining the statistical uncertainty o

the observation where a large event is preceeded by tWohe fitted position (344), the boresight correction’(82), and

smaller ones. In epoch 2, the large flare and its precursor ocyne rms dispersion in the astrometric sources after caorect
cur near the start of the first observation. In the latterntia 0”62). This position is at’066 from the radio position of

eventis closely followed by a small peak, and another $tatis ggr A+ and 2/58 from the new transient CXOGC J174540.0-
cally significant flare closer to the end of ObsID 866 (marked 290031, the closest known X-ray source to the central black

by an arrow in Figurfl2). Two small peaks at the very end poje This permits us to unambiguously associate the flaring
of the same observation have significances just abover3 source with Sgr A*.

addition, there is a distinct periodic eclipse clearly seeer For the 2004 August 31 flare, the position of the flar-
more than four complete cycles in the course of ObsID 866ing source was found to be: RA@ 17745M40%14, decl. =
and also present in ObsID 867 even though it is not as evi-_2900028540, J2000 with a positional uncertainty ofa1.
dent. _ _ This is 052 from Sgr A* and 298 from CXOGC J174540.0-

In the next section, we present a detailed survey of the re-g90031, therefore the association of this flaring sourcé wit
sults obtained for the most significant flares, followed by an he central black hole is once again unambiguous. The cen-
analysis of the temporal characteristics of the light carve 14id of the 2—10 keV emission in the non-flare period of Ob-
We show that the two factor-40 flares are coming from the g5 g6 is located just'F1 from CXOGC J174540.0-290031
direction of Sgr A* and not from the transient binary system ;¢ 2:38 from Sgr A*. This strongly suggests that this source
CXOGC J174540.0-290031 to which the eclipses can be at-ggegs indeed contribute a large portion of the X-ray flux is thi
tributed (see Porquet et al. 2005). band but that it is without a doubt not the flaring source.

As an example, we show in the left hand side panel of

A FigureﬂB, an image of the Galactic center during the August

31 flare composed of events selected from the same tempo-

ral window as the one used to build the flare spectrum (see

1 Figurel]S). In black, the position of SgrA* is crossed and la-

beled, that of CXOGC J174540.0-290031 is simply marked

by a cross for clarity, and the circles show the uncertainty o

1 the position after boresight corrections. In green, thesgro

marks the fitted position of the brightest source detected in

the flare image, and the circle indicate the 68 and 90% confi-

dence regions derived by combining the statistical errahen

fit (0”760), the error from the boresight correctiorf7@), and

the rms (0.88) that we take as a systematic uncertainty, On

Fic. 1.— Light curve in the 2-10keV energy range for a circulgioa of th-e right hand side, we see the non-flare image Of-the same re-

radius 10/ centered on Sgr A* binned in 500 second intervals for the eioc 90N constructed by Se|e‘3“”9 all event USQd to build th(k'b,ac

observations. MJD 53092 corresponds to 2004 March 28. ground spectrum. The labeling scheme is the same as in the
left panel. Each pixelis’ll in size matching the sky projected
size of the camera’s physical pixels. A wavelet filter was ap-

‘ ‘ ‘ ‘ ‘ ‘ ‘ plied to smooth the image for presentation purposes only.

It is evident that the centroid of the emission during the
flare is significantly shifted towards Sgr A* and that the tran
sient source CXOGC J174540.0-290031 can be excluded as
the flaring source at the 90% confidence level. In the non-
4 flare period, the emission is very closely centered on the tra
sient binary — the central black hole’s closest known, hard
X-ray emitting neighboor — and in this case, Sgr A* can be
excluded at more than the 90% confidence level as the source
of this emission. The error circles on the fitted centroichef t
non-flare image are smaller because the statistical uirtigrta

T T T T T T T

o]
o

0.6
T

Count rate (cts/s)

IR SR SN SN SR ST SN SR SN SO ST SA S SN S ST S S |
1.5x10°  2x10°  25x10°  3x10°
Time from MJD 53092 16:48:15 (s)

Count rate (cts/s)

0 a0t AP 1mxi0® 2xI07 256105 10 on the fit is 022 compared with ‘060 for the flaring source.
Time from MJD 53248 03:17:49 (s) Combining this value with the same boresight correction un-
Fic. 2.— Light curve in the 2-10keV range for a circular regiomradius certainty and rms as was used in the analysis of the flare image
10” centered on SgrA* binned in 500 second intervals for the legoab- yields a total uncertainty of 9.

servations. The arrow marks an isolated peak with staissigificance of

about 5. MJD 53248 corresponds to 2004 August 31. The first flaring period occurred on 2004 March 31 (Fig-

ure[4) and contains one of the two factor-40 flares detected



Fie. 3.— Smoothed Mos 2 image of the Agust 31 flare with an exposmeof 20005 (left panel) and average non-flare image witbx@osure of about 50ks
(right). The boresight corrected position of Sgr A* is ladmbland that of CXOGC J174540.0-290031 is marked by a cross.blHtk circles indicate theol
uncertainty on the position due to the astrometric comectiThe green cross and circles mark the fitted emissionaidrand the associated uncertainty at the
68 and 90% confidence levels.

over the course of all four pointings, preceded by two smalle St + E

ones. The most prominent flare took place around 23:05 and _j:_h | ﬁ%_

peaked at 0.76 cts estimated on the basis of 500s time bins. % T =[5

This event lasted- 2.5 ks from rise to fall. The PN (black), = &¢ —_— ! T == 1

Mos 1 (red) and Mos 2 (green) spectra for this flare are shown » [

in figure{%. 3 —t—
it ‘

Q I N W e T Wi%_‘_‘ S

» ° o A !

5 el J T gt T T % .

© o ! 1

° 2 5 10

€ < Energy (keV)

é o[ ] Fic. 5.— Epic spectra during the Sgr A* flare of 2004 March 31. Tinectra

are shown with the best fit absorbed power-law model and thregmonding
~ residuals. The fit is done in the range 2-10keV. The PN spedishown
ol 7 in black and the Mos 1 and Mos 2 are in red and green respactivel
‘2,6:(10‘5 — ‘2.7;10‘5 — ‘2.8:(1 O‘5 — ‘2.9:(10‘5 ‘

Time from MJD 53092 16:48:15 (s)
Fig. 4.— Zoom on the flare of 2004 March 31 with time bins of 500 s rehe . . s 2
the first factor-40 flare occured. Its significance is about.10he red lines with a column density oNy = (8.3+ 2.5)x 10?2 cm2. The
delineate the time window used in the spectral extractiovo dther smaller average unabsorbed flux during the flare was found to be
flares are marked by the green arrows and have significancgsotf 5 and 12 21 Qj
4o respectively. MJD 53092 corresponds to 2004 March 28. (6'35# 0.45)x 10. ergent®s . Since the. count rate at the
peak is about twice the average, we estimate that the max-
) S _ imum flux is also about twice the average and so the peak
We fitted each spectrum individually and also simultane- 2_10keV luminosity is around 1010* erg s at a distance
ously. The low statistics limits the reliability of the Mos-r of 8kpc; a factor of 45 above quiescefice
sults and for this reason we present the best fit parameters The black body was best fit with a temperature ¢ 4
for the PN data as well as for the combined data set in Ta-0.3 keV and absorbing column of B+ 1.7) x 10?2 cm 2.
ble§. Three models were tested: absorbed power-law, blackrinally, fitting a bremsstrahlung model resulted in an absor
body and bremsstra_hlung. All give sau_sfact(_)ry fits. We used tion column of 78 + 1.9 x 1022 cm2 — similar to that of
thepegpwrlw model in XSpec v 11.3.1 in which the the total  the power-law — and a temperature around 35 keV. The er-
unabsorbed flux over the range of the fit is used as the normalyor range on the temperature, however, is huge and therefore
ization. This allows the photon index and normalizationéo b  not constraining at all. The large upper bounds in the error
fit as independent parameters in the model and to derive theyf the bremsstrahlung temperature probably reflect the fact

uncertainty on the flux directly from this normalization. that there is no statistically significant break in the speot
For the pegged power-law model, the best fit values of

the combined data set are a photon indexi’ef1.5+0.5 9 We refer to both events as factor-40 flares for simplicity.



6

The best fit parameter values, fluxes and luminosities for the
power-law and black-body models are given in Tiﬂole 4.

The respective occurrence times, peaks and durations of the
two small flares that preceded it are: 17:59, Q%104 ctgs
(~50) and 1500 s for the first, and 19:48, 048.04 ctgs
(~40) and 1000 s for the second. These two events are
marked by green arrows in FigLI]e4 Unfortunately, the short
duration and lower signal-to-noise ratio of these evengs pr
vents us from doing their spectral analysis.

The second major flare was on 2004 August 31 and is
shown in detail in FigurE 6. The large flare is preceded very
closely by what we will call a double-peaked precursor that
lasted about the same time as the flare itself. Furthermare, w
see a~ 30% change in flux over about 900s or 15min between
the two peaks of the precursor which constrains the emitting
region to less than 2 AU at a distance of 8 kpc. The first peak
of the precursor occurred at around 9:00 and the flare that fol

TABLE 3
BASIC FEATURES OF X-RAY FLARES

2004 March 31
UTC XMM time (s)

2004 August 31
UTC XMM time (s)

Starttime ...... 22:48 1.97160508 09:58 2.103335608
Peak time ...... 23:09 1.97161¥88 11:05 2.103375608
Endtime ...... 23:22 197162508 11:22 2.103385608
Duration (s) .. .. 2500 5000

Peak rate (cts) Q760+ 0.048 Q617+ 0.035
Mean rate (cts) 0303+ 0.002 0293+ 0.002

Deviation ¢). .. 9.6 9.7

Nore. — Error bars correspond to the 68% confidence interval. €@ies and
times are estimated using 500s time bins.

This flare was modeled in the same way as was done for

lowed rose to its maximum at about 11:05 with a count rate the March 31 flare and the detailed spectral fitting results
of 0.62+0.03 ctgs for 500 s bins. Both the precursor and are listed in Tablfl4. The combined spectrum was best fit
the flare lasted-5000's and so the whole flaring period had With an absorbed power-law of photon index 1.9+ 0.5 and

a duration of about 10000 s from rise to fall. The narrow column densityNy = (12.5+ 3.4)x 10°?cm 2. For the black
peak following the flare occurred at 13:01 and the last flare Pody model, the temperature was 1.8 keV and the absorbing
occurred the next day, 2004 September 1, at 6:48. Fgure 7column density (7.%2.3)x 10?2 cmi2. The bremsstrahlung
shows the PN (black), Mos 1 (red), Mos 2 (green) spectra of column density was found to be 112.5 with a tempera-
the flaring event with the best fit absorbed power-law model ture around 15 keV but once again the error range is so large

and residuals.

that this value cannot be constrained. The low statistigs se

erly limit our ability to detect spectral variations duritige

I e e I s s e o e T IR B e e e e e

0.8
T

0.6

Count rate (cts/s)

0.2

1 1 1 1
2x10* 2.5x10* 3x10* 3.5x10%

Time from MJD 53248 03:17:49 (s)

Fi. 6.— Light curve of the 2004 August 31 flare binned in 500 srirgks.
Green arrows point out local peaks with respective signifiea of about 4,

1
1.5x10*

flares. The average 2—-10keV luminosity of this flare is around
4.3x 10** erg s (see Tablf]4) and as in the case of the March
31 flare, we estimate the peak luminosity to be about twice
the average, and thus reached a maximum intensity around 40
times the quiescent luminosity of Sgr A*.

A summary of the basic temporal features of the two factor-

40 flares are givenin Tab[b 3. Thisincludes the start, pedk an
end times of the flares given in UTC aX&IM-Newton time

in seconds to facilitate reference to the data. We alsadliste
the peak count rate and the deviation from the mean in units
of sigma.

3.2. Timing Analysis
The cyclical decrease in flux observed during ObsID 866

5, 10 and 4. We show the base level of the light curve before and after the (ﬁrSt portion of Flgurﬂ2) occurs with a per'Od of about8h and

flare for reference. The drop in flux at the base of the precuswesponds
to the first of five eclipses in the binary system CXOGC J1745£90031
detected during ObsID 866. MJD 53248 corresponds to 2004igtg1l.

is most probably due to an eclipse in the binary system CX-
OGC J174540.0-290031. A complete analysis of XiM-

0.1

kev™'

-1

2
m"‘10> L
3 + ‘ f
I
gg> =t Ll + + +
o L _
= e
o + +
! 1
2 5 10

Energy (keV)

Fic. 7.— Epic spectra during the Sgr A* flare of 2004 August 31 difire

the range 2-10keV. The colours are the same as in

ure 5.

Newton obsevations of this transient source are presented by
Porquet et al. (2005), and the results of @f@ndra observa-
tions by Muno et al. (2005b).

A spectral density analysis of the X-ray data from Sgr A*
was performed and sincéMM-Newton's spatial resolution
severely limits our ability to distinguish the quiescentig&m
sion of Sgr A* from that of its surroundings, temporal struc-
tures in the X-rays emission detected XiyIM-Newton from
the Galactic center can only be attributed to Sgr A* with con-
fidence if seen during a flare, when the flux rises substantiall
above the quiescent emission. Therefore, periodic festure
seen in the base level of the light curve cannot readily be at-
tributed to Sgr A*. Furthermore, a period detected during a
flare can only be confidently attributed to Sgr A* if it is not
present in the rest of the light curve.

Since the range of frequencies and resolution in a peri-
odogram are primarily functions of the total length of the ob
servation and sampling or bin time, only the second of the two
factor-40 flares allowed us to perform a meaningful search fo
periodic modulations. This event lasted about 10 ks incigdi
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the precursor. This is about 4 times longer than the first. hole, producing either a two-component distribution cbara
The first analysis revealed a periodic structure that coeld b terized by a broken power-law, with steep low-energy and flat
significant but the proper treatment of the signal that ideki  high-energy components, or a modified thermal distribution
white and possibly a component of red noise, requires a de-with a high-energy enhancement (see, e.g. Liu, Petrosian, &
tailed analysis that is quite complex and that we have begunMelia 2004; Yuan, Quataert, & Narayan 2003 and 2004). In
but will present elsewhere upon completion. either of these cases, the lower energy electrons prodece th
near-IR emission and the high-energy distribution produce
4. DISCUSSION AND CONCLUSION the hard X-rays. Further, the rather short time scal25§00—

We observed the neighborhood of SgrA* for more than 4500s) and hard spectral inddx 1.6) of the flares would,
three consecutive days from 2004 March 28 to April 1, and accc_>rd|ng to this model, favor magnetic reconnection as the
an additional three consecutive days from 2004 August 31€ngine of the event. i o .
to September 3. Both observations were interrupted for only In either of these two scenarios — an accretion instability,
~ 30ks and during each of these observation periods we deOr @ magnetic reconnection event — one could expect to see
tected flaring activity composed in each case of a large flare2 modulation in the light curve, mirroring the underlying-Ke
accompanied by smaller ones. The two main flares are posiPlerian period of the emitting plasma. Indications of thespr
tionally coincident with Sgr A* and, as Bagaffiet al. (2001), ence of such a periodic modulation during anear-IR flare were
we associate these with the supermassive black hole at th@resented by Genzel et al. (2004) and during an X-ray flare by
center of the M||ky Way, given our current know|edge of ASC_enbaCh et_ al. (2002) These results .mUSt be confirmed by
the region surrounding this source. These flares, both withsimilar detections in other events seen in the near-IR and X-
peak luminosities about 40 times that of the assumed qui-ray bands. A search for such a semi-periodic modulation in

escent level, exhibit similar spectral characteristicshaad
photon index ofl’'~1.5-1.9 and a column densityy ~ 8—

the longer of the two factor-40 flares from Sgr A* presented
here is under way and the results will be reported elsewhere.
The accretion instability scenario predicts a strong corre

13x 10?2 cm™2. These parameter values are more akin to | _
those of the first two detected flares (Bagéiret al. 2001;  lation between the sub-miR and the X-ray photons with
Goldwurm et al. 2003), than to those of the very bright flare no or little change in the millimeter flux density. The two-
reported by Porquet et al. (2003). component synchrotron model predicts possible, though not
There were a total of three flares with significance greaternecessary, correlations between X-ray and near-IR flaits, w
than 3r, corresponding to a factor of 15 above SgrA*'s qui- larger X-ray amplitudes in the case of simultaneous flaring,
escent level in ObsID 789 and the same number in ObsID 866, mportant variations in the spectral slopes of the X-rayefiar
if we consider the precursor to be a separate flaring event. Al compared with those in the near-IR flares, and small ampli-
though we cannot determine the position of the smaller flarestude variability in the radio and sub-millimeter wavebands
accurately and thus cannot attribute them to Sgr A* with cer- It is on this last point that we could distinguish the accre-
tainty, if these are indeed coming from the central blaclehol tion induced X-ray flare model from the two-component syn-
then, irrespective of the temporal distribution of theseeia ~ chrotron model.
our estimate of their average occurrence rate is about 1 per
day. This estimate agrees with those base@hmndra obser-
vations performed between 1999 and 2@2 (Ba@[‘aﬁﬁﬂ3ﬂ)).
Note that flares from Sgr A* appear to occur Iin clusters. G. Bélanger would like to thank Jean Ballet, Monique Ar-
In light of the recently detected near-IR spectrum of Sgr A* naud, Jean-Luc Sauvageau and Anne Decourchelle for their
Genzel et al. 2003), and of the constraints that it imposes o kind help with several aspects of thévIM-Newton analy-
the various emission models for this source, the flares we desis, and Michael Muno, Régis Terrier and Matthieu Renaud
tected could have resulted from a sudden increase in accrefor several useful discussions. G. B. is grateful to the ref-
tion accompanied by a reduction in the anomalous viscosity,eree whose comments were very pertinent and lead to a finer
which would point to thermal bremsstrahlung as the X-ray analysis and deeper understanding of the statistical rdstho
emission process. This would give rise to a hard spectrum, un used in this task. G. B. acknowledges the financial support
like the softer one expected from a synchrotron self-Compto from the French Space Angency (CNES). This work is based
process|(Liu & Melia 2002a). on observations obtained wi¥MM-Newton, an ESA science
Another possibility is that the flares arose from the quick mission with instruments and contributions directly fud dbg
acceleration of electrons in the accretion flow near thekblac ESA member states and the USA (NASA).
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TABLE 4
SPECTRAL CHARACTERISTICS OF X-RAY FLARES

Power-law Black Body
Fx[2-10] Fx[2-10]
N (10%2erg  Lx[2-10] [\ kT Norm (10%2erg  Lx[2-10]

Date (Instr.)  (182cm™2) r cm2s1) (10%ergs!)  Chins (1¢%cm2)  (keV) (10°) cm?sl) (10**ergsl) Chbins
March31 (PN) @33 17728 40708 5.1+0% 689740 34+23 1908 74115 40712 36707 691/740
March31 (Al)  83%3% 1595 4053 4939 883936 a1l 1953 747s 38707 46753 886/936
August31 (PN) 1033 13795 27702 34708 883731 6523 2103 597 26703 26708 883731

34 0.5 0.2 12 2.3 0.3 0.9 04 0.3
August31 (Al)  125%3%  190% 27702 4332 1082913 717233 1893 5703 26'0% 2.9%0% 1086913

Nore. — Errors on fitted parameters correspond to the 68% confidieerval. Flux density for the Power-law model is normadiover the range from 2 to 10 keV
and corresponds to the total unabsorbed flux in this rangeli3ted flux values are absorbed with the associated col@nsity and the luminosity is calculated using
the power-law normalization and is derived for a distanc@lqdc to the Galactic center. In the Black Body model, the radization corresponds to the dimensionless
ratio of the luminosity in units of 13 erg s to the distance in units of 10kpc squared. In the first coluinsir. refers to the instrument whose data was used in the

fit and 'All’ refers to the combination of PN, Mos 1 and Mos 2.



