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ABSTRACT

Context. Stellar dynamics indicate the presence of a super massielBM, black hole at the Galactic Center. It is associated
with the variable radio, near-infrared, and X-ray counggrjagittarius A* (SgrA*).

Aims. The goal is the investigation and understanding of the phygirocesses responsible for the variable emission fraA*Sg
Methods. The observations have been carried out using the NACO adapfpitics (AO) instrument at the European Southern
Observatory’s Very Large Telescope (July 2005, May 200d)the ACIS-I instrument aboard ttighandra X-ray Observatory (July
2005).

Results. We find that for the July 2005 flare the variable and polariz&R &mission of SgrA* occurred synchronous with a moder-
ately bright flare event in the X-ray domain with an excess Xe\8 luminosity of about 810% ergs. We find no time lag between
the flare events in the two wavelength bands with a lower lohik10 minutes. The May 2007 flare shows the highest sub-flare to
flare contrast observed until now. It provides evidence faaréation in the profile of consecutive sub-flares.

Conclusions. We confirm that highly variable and NIR polarized flare entiiass non-thermal and that there exists a class of syn-
chronous NIRX-ray flares. We find that the flaring state can be explainedhgasynchrotron self-Compton (SSC) process involving
up-scattered sub-millimeter photons from a compact sococeponent. The observations can be interpreted in a modaling

a temporary disk with a short jet. In the disk component the density variations can be explained by spots on relaitivetits
around the central super massive black hole (SMBH). Thelpradiriations for the May 2007 flare are interpreted as a tiariaf

the spot structure due toftrential rotation within the disk.

Key words. black hole physics, X-rays: general, infrared: generalreton, accretion disks, Galaxy: center, Galaxy: nucleus

1. Introduction 2006, and Yusef-Zadeh et al. 2006a). The fRay variability

. is probably also linked to the variability at radio througlbs
At the center of our Galaxy at a distance of oR kpc a super jjjimeter wavelengths showing that variations occur aneti
massive .bIaclf _hole .(SMBH) of massﬂfxl.oﬁM@ can convine-  geajes from hours to years (e.g. Bower et al. 2002, Hermstei
ingly be identified with the compact radio and infrared s@UrGyt 41 2004. Zhao et al. 2003. 2004 MafkdBower & Falcke
Sagittarius A* (SgrA*) (Eckart & Genzel 1996, Genzel et al, 07, Marl;cﬁf, Nowak & Wilms 200’5’ Mauerhan et al. 2005
1997, 2009’ Ghez et al. 1998, 2009' 2003, 2005, Eckart et ghy references therein). The surprisingly low luminoséyg mo-
2002, Schodel et al. 2002, 2003, Elsenhauer 2*003’ 2_005" RVated many theoretical and observation@bds to explain the
& Brunthaler 2004). Due to its proximity SQrA* provides Usy,cesses that are at work in the immediate vicinity of Sgr A*
with the unique opportunity to understand the physics arsd G-, 5 recent summary of accretion models and variable accre-

sibly the evolution of super massive black holes at the nucle, | ¢ stellar winds onto Sgr A* see Yuan (2006) and Cuadra &
of galaxies. Although, for a black hole of its size, Sgr A* is e Nayakshin (2006).

tremely under luminous at about 010 g4y Sgr A* is also the

source of variable emission in the X-ray and near-infraradex The temporal correlation between rapid variability of the
length regime (Bagarfbet al. 2001, 2003, Eckart et al. 2004 pear-infrared (NIR) and X-ray emission (Eckart et al. 2004,
20064, Porquet et al. 2003, Goldwurm et al. 2003, Genzel etltkart et al. 2006a) suggests that the emission showing

2003b, Ghez et al. 2004, Eisenhauer et al. 2005, Belangér etl@**3* ergss flares arises from a compact source within a few
ten Schwarzschild radii of the SMBH. For the SgrA* we assume

Send offprint requests to: A. Eckart (eckart@phl.uni-koeln.de) Rs=2R;=2GM/c>~8 pas, withRs being one Schwarzschild ra-
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Telescope Instrument Energy UT and JD UT and JD
Observing ID Start Time Stop Time
VLT UT 4 NACO 22um 2007 15 May 05:29:00 15 July 09:42:00
JD 2454235.72847 JD 2454235.90417
VLT UT 4 NACO 2.2um 2005 30 July 02:04:00 30 July 03:34:00
JD 2453581.58611 JD 2453581.64861
Chandra ACIS-I 2-8keV 2005 29 July 19:52:55 30 July 09:07:36
JD 2453581.32841 JD 2453581.88028
Table 1. Observation log.
spectral Date Flare Start Flare Stop FWZP FWHM Extraction tallo Flare 1Q state
domain (min) (min) Radius
(arcsec)
NIR 15May 2007  7:3Q 5 min. 8:30+ 5min. 1010 >40 0.06 160.5mJy 1&0.5mJy -
NIR 30 Jul 2005 <02:04 >03:34 > 90 70:10 0.06 80.5mJy  &0.5mJy -
X-ray 30 Jul 2005 01:53 12 min.  04:07+ 7 min. 12819 64:10 1.50 253 18+3 71
70+8nJy 5%8nJy 2@:3ndy

Table 2. Here we list data of the flares observed by the VLT @hdndra. X-ray flare data: Given are the star and stop times and
peak ACIS-I count rates in 18 cts s* and 10° Jansky in 2-8 keV band of the total flare emission and the fimiesion corrected
for the count rate during the intermediate quiescent (I&estWe also list the estimated start and stop times, thevfdth at zero
power (FWZP) and full width at half maximum (FHWM) values,asll as the peak and 1Q flux densities. NIR flare data are given
as for the X-ray flare. The peal flare flux densities are giverOimrt Jansky in the NIR K-band.

dius andRy the gravitational radius of the SMBH. By now forwith variations of~31° that must originate in the sub-millimeter
several simultaneous flare events the authors found no ime photosphere of SgrA*.

larger than an upper limit o£10 minutes, mainly given by the  Here we present new X-ray measurements that we obtained
required binning width of the X-ray data. The flaring state ba usingChandra and that were taken in parallel with the NIR po-
explained with a synchrotron self-Compton (SSC) modellwwo larization measurements reported by Eckart et al. (2006b).

ing up-scattered sub-millimeter photons from a compactc®u also present new NIR polarization measurements taken in May
component. Inverse Compton scattering of the THz-peakeal fl2007. In section 2 we summarize the observations and the data
spectrum by the relativistic electrons then accounts fexthray reduction. The observational results and modeling of the alee
emission. This model allows for NIR flux density contributid presented in section 3 and a more general discussion of avalil
from both the synchrotron and SSC mechanisms. Indicatimms &ble infrared and X-ray variability data on SgrA* is given in
red (Eisenhauer et al. 2005, Hornstein et al. 2006, Gillessal. section 4. In the Appendix we outline the used synchrotrdfn se
2006) and variable NIR spectra (Gillessen et al. 2006) icaxd Compton (SSC) mechanism and a multi-component model for
tive of a possible exponential cdfof the NIR/MIR synchrotron the SgrA* temporal accretion disk. The results are summadriz
spectrum (Eckart et al. 2006a). in section 5 and conclusions are drwan.

There is also evidence for a 43 minute quasi-periodic
modulation of the NIR and X-ray emission (Genzel et al.2Q03b. Observations and Data Reduction
Eckart et al. 2006b, Meyer et al. 2006ab, Belanger et al. 2006
Aschenbach et al. 2004ab). In the following we refer to thids part of a large observing campaign Sgr A* was observed in
phenomenon as QPO: quasi periodic oscillation. The NIR flaMay 2007 and July 2005, using the VLTIn July 2005 we car-
emission is polarized with a well defined range over which tHé&d out simultaneously X-ray observations using the Chand
position angle of the polarized emission is changingd4@@°; observatory. In the following we describe the data acquisit
Eckart et al. 2006b, Meyer et al. 2006ab, 2007). All these oBnd reduction for the individual telescopes. Details ofdbser-
servations can be explained in a model of a temporary aoaretvations are summarized in Tab. 1.
disk harboring a bright orbiting spot possibly in conjunativith
a short jet (Eckart et al. 2006b, Meyer et al. 2006ab, 20Qig); s
gesting a stable orientation of the source geometry ovepake
few years.

2.1. NIR observations and data reduction

The observations of SgrA* have been carried out in the NIR
. . L Ks-band (2.0-2.3pm) using the NIR camera CONICA and the
The millimeteysubmillimeter wavelength polarization ofyqaptive optics (AO) module NAOS on the European Southern
Sgr A* is variable in both magnitude and position angle oppservatory’s Very Large Telescope UT4 on Paranal, Chile, d
timescales down to a few hours. Marrone et al. (2007) presggy the nights between 29 and 30 July 2005 as well as 14 and 15
simultaneous observations made with the Subm|II|metet51y3\rr|\/|ay 2007. The infrared wavefront sensor of NAOS was used to
polarimeter at 230 and 350 GHz withfgient sensitivity to de- |5ck the AO loop on the NIR bright (K-band magnitueé.5)
termine the polarization and rotation measure at each lbaach supergiant IRS 7, located abou6% north of Sgr A*. Therefore
their measurements they deduce an accretion rate that dbes n
vary by more than 25% and - depending on the equipartition cont Based on observations at the Very Large Telescope (VLT) @f th
straints and the magnetic field configuration - amountsdb®® European Southern Observatory (ESO) on Paranal in Chitggr&ms:
to 2x10°" M, yr~1. The mean intrinsic position angle is T&7°  073.B-0775 July 2004; 075.B-0093 July 2005; 079.B-0084 I20§7;
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the AO was able to provide a stable correction with a highttre S———
ratio (of the order 50%). In NACQEONICA (NACO) the com- [
bination of a Wollaston prism with a half-wave retarder elat ol
allows the simultaneous measurement of two orthogonat-dire “
tions of the electric field vector.

Eckart et al. (2006b) report that the variable NIR emission o
SgrA* observed in July 2005 is highly polarized and consi§ts ]
contribution of a non- or weakly polarized main flare withiilig 1
polarized sub-flares, showing a possible QPO cf3 minutes L J ]
consistent with previous observations. Significant pesifiux \/W NV W
density excursions on time scales shorter (according tpra# o [ ]
vious NACO observations typically on the QPO time scalehtha ]
the duration of the overall flare (typically 100 minutes orrajo [ ]
are called sub-flares. All further details of the observatiand Cy T T T T e T T e e 00 20
data reduction as well as an interpretation of the July 2G2& d
in the framework of an orbiting spot model are given in Eckart T
et al. (2006b) and Meyer et al. (2006b).

For the K-band polarimetry in May 2007 presented here, [ 7
we took a total of 146 frames alternating between tR©® _
and 48/13% setting. For each image we used 4 sub-images™
(NDIT=4) at a 10 second exposure time (BR10s). The im-
ages were corrected for bad pixels, sky, and flat field. Thetpoi
spread function was extracted on each individual imageléidio
et al. (2000)) and then used for a Lucy-Richard deconvahutio
After restoration with a Gaussian beam, aperture photgnoatr
the difraction limited images for individual sources with known
flux and Sgr A* was done. For the extinction correction we
assumedAx = 2.8mag. Estimates of uncertainties were ob-
tained from the standard deviation of fluxes from nearby con- SR ST o
stant sources. The calibration was performed using theativer a S0 100
interstellar polarization of all sources in the field, whisl% at Time [min]
25° (Eckart et al. 1995; Ott et al. 1999). o

Flux of Sgr Ax, 15-05-2007 UTC L 1

Flux [mdy]
15

10

o

Time [min]

I s e e e AN A

40

Polarization Degree

100
T
I

Polarization Angle [deg]

-100

P U S R EE S S U S
0 50 100 150 200 250

Time [min]

Fig. 2. The SgrA* NIR flare observed on 15 May 2007. Start and
{  stop times are listed in Tahblé 1. As a function of time we show
: 250‘ E— the total flux density, degree of polarization and polart@aan-

gle of the E-vector. The otherwise grey error bars are platte

Time [min] black during the time of the largest flux excursions due to the

Fig. 1. The flux of the observed flare of Sgr A* on 15 May 20071are.
in different channels as a function of time - each channel de-
picted in diferent color. Start and stop times are listed in Thble
The light curve of a constant star S2 (23 mJy at 2, with
Ak=2.8), is shown in the same plot and shifted by a few mJy f
a better view.
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ljiig.[]. The flux was calibrated such that each angle sepgratel
gI]atched the total flux of known sources. That means that actu-
ally Fig.[ shows approximately twice the flux for each angle.
The 3 gaps in the data are due to sky observations.

The May 2007 flare shows 2 bright sub-flares centered about

In Figs.[1 and2 we show the flux densities per polarizatidi?0 and 140 minutes. The timefidirence between them is 20
channel, the total intensity, degree of polarization arelgb- minutes which is fully consitent with the possible QPO fodiod
larization angle as a function of time. The dereddened flux ofher polarized NIR flares of SgrA* showing a sub-flare struc-
Sgr A* and of a nearby constant star is shown in the top paneltofe. The flux density between the 2 sub-flares does not reach t
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emission level well before and after (i€70 and>170 minutes

into the observations) the flare. Thif-flare emission is most
likely dominated by residual stellar flux density contrilouts,
especially from a faint stellar source which is currentlyaat
apparent separation ef0.1 arcsec from the position of SgrA*,
but still well separated from it. Based on this fact and in eom
parison to previously observed flares and sub-flares (Gextzel
al.2003b, Eckart et al. 2006b, Meyer et al. 2006ab, 200 ppEri

et al. 2007a) we assume that there is an underlying flare emis-
sion. The May 2007 flare shows the highest sub-flare to flare
contrast observed until now: 101

C:(Smax_sn"in)/smn ~2:1 . 0]

0 10000 20000 30000 40000

counts per kilo-—seconds

. . 10000 20000 30000 40000
HereShax is a sub-flare flux density peak afgi, the mean of T T — 5 : T
the neighboring minima. The second sub-flare is broader than data points / offset from IR peak (minutes)

the first one and shows a flat or even double peaked profile at

the top. In sectioi311 we interpret these profile variatiass 19-3- TheChandra 2-8 keV X-ray data from 280 May 2005
variation of the spot structure due tdférential rotation within Shown in 207 and 628 second bins. The UT start and stop times
the disk. Furthermore the flare is characterized by a vergibrc@'® listed in Tad.J1.

minimum in the degree of polarization, which is preceeded by

the peak of the brightest sub-flare. During this minimum tbe Pradii of 2 and 10, respectively, excluding regions around dis-

sition angle is not very well determined. However, at theteen :
of the minimum and allowing for a possible phase wrap 01,olgocrete sources and bright structures (Baghabal. 2003). The

the trend the polarization anale shows towards the centiireof 1" (total) count rates within the inner radius subdiviiéaol
g Ne poia ang the peak count rates during a flare and the corresponding inte
minimum is consistent with the value of &20°, a value re-

. ; mediate quiescent (IQ) values are listed in Tdble 2. The back
Sf)sgﬁgs?ggrﬂr? It/flleeytérrlge?;fllazrgg%ase for all other flare evigde ground rates have been scaled to the area of the source region

We note that the mean source rate in the’ aperture is consis-
tent with the mean quiescent source rates from previous-obse
2.2. The Chandra X-ray observations vations (Baganfd et al. 2001, 2003).

In parallel to the NIR observations (Eckart et al. 2006b; see

below), SgrA* was observed withandra using the imaging 2.3. Comparison of the NIR/X-ray flare events
array of the Advanced CCD Imaging Spectrometer (ACIS-
Weisskopf et al., 2002) for50ks on 29-30 July 2005 in the
2-8 keV band. The start and stop times are listed in Table &. T,

JI;he Chandra X-ray data fully cover the polarized NIR flare that
e observed at the VLT in July 2005. The X-ray data show a

instrument was operated in timed exposure mode with detect x10% erg’s flare that is about 3 times as bright as the quiescent

10—3 turned on, The time between CCD frames was 3.141 s. THE SSIon from SgrA* (Tali.12). In Figl3 we show the X-ray data
event data were telemetered in faint format. using a 207 and a 628 second b'.n. Size. The_ crps_s-correleftmn 0
We reduced and analyzed the data using CIAOR/2dt- the_ X-ray data with the flux densities in the individual NIR-po

ware with Chandra CALDB v2.52 Following Bagané et al. larization channels show that the flare event observed itwtbe

wavelength bands is simultaneous to within less than 10 min-
(2003), we reprocessed the level 1 data to remove the& 02t , _ ; - .
domization of event positions applied during standard lpipe utes (Fid# andlS). The two sub-peaks in the cross-corelati

processing and to retain events flagged as possible coayicqf,C S S ENPEEE 0 e SERVER S EESE RN
after-glows, since the strongftlise emission in the Galactic R 0f~3 ctsé er inte ’ration bin. In the X-rga domai% there
Center causes the algorithm to flag a significant fraction §1N P 9 ' y

genuine X-rays. The data were filtered on the standard ASCGANO clear indication for a QPO sub-flare structure as ofeserv

n the NIR. The NIR sub-flare contrast defined as the sub-flare
g;%dtehsérgwe?:%?g;l;g?nvﬁse ?é?grlﬁett?;owhom the obsmmyat eight divided by the height of the overall underlying flaxefl

The X-ray and optical positions of three Tycho-2 sourc ensity ranges between 0.3 and 0.9 (see seiioh A.2). For the
were correlaﬁed (Hf;g 2080) to register theyACIS field (;%IR and X-ray flare we list the start and stop times, flare wsdth

the Hipparcos coordinate frame to an accuracy of '0.(dh peak count rates and flux densities in Tb. 2.
axis); we then measured the positi%n of the X-ray source at

Sgr A*. The X-ray positiond 20000 = 17'45™40.03C, 6 320000 = ;

—-29°0028.23"] is consistent with the radio position of Sgr A*3' Modeling Results
(Reid et al. 1999) to within.a8” +0.18" (10). 3.1. Relativistic disk modeling of the variable flare emission

Extracting the counts from Sgr A* in the 2-8 keV band in . : . . .
e interpret our polarized infrared flare events via the siois

an 1.0 aperture provides the best compromise between ma¥¥ lativistic orbi dth | SMBH i
mizing source signal and rejecting background (Bagiaeioal. ! SPOts on relativistic orbits around the centra Ieani

2001, 2003, Eckart et al. 2004, 2006a). Background counts w@0rary disk (Eckart et al. 2006b, Meyer et al. 2006ab, 2007).
extracted from an annulus around Sgr A* with inner and outdf?€ model calculations are based on the KY-code by Dovciak,
aras, & Yagoob (2004) and are usually done for a single spot
2 Chandra Interactive Analysis of Observations (CIAO)Prbiting close to the corresponding last stable orbit. Thé K
httpy/cxc.harvard.edigiao code takes special and general relativisfiegs into account by
% httpy/cxc.harvard.ediealdb using the concept of a transfer function (Cunningham 191%.
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5 20 X-ray offset from NIR peak (minutes)
=) Fig.5. Results of the cross correlation of the 207 second binned
\a) Chandra X-ray data with the polarized emission seen at position
© 10 angles of (top to bottom) 9012C, 6C°, 150, 3C°, 0C".
]
% 0] only the total flux density and the degree of polarizationthas
8 position angle of the E-vector is not very well determinedraiy
the minimum in the degree of polarization.
-10- ‘ ‘ ‘ ’ Fig.[8 shows the fit with the least reducgtvalue for syn-
-100 =50 0 50 : chrotron radiation, from a highly polarized spot orbitivgde
offset from NIR peak (minutes) around the SMBH above the innermost stable circular orbit

(ISCO). Since we have assumed that the spot mainly emits syn-

Fig.4. The NIR (top) and X-ray (bottom) data for the SgrA*chrotror_\ radiation the i_ntrinsic and glc_>bal configl_Jra_\tidrthe
flare observed on 30 May 2005. To highlight both the flare af@2gnetic field play an important role in the predictions by th
the sub-flare structure we plot the flux in the NI glariza- model. Here we fitted the flux and intensity of polarization fo

tion channel. Both data sets are shown in 207 bins. The X-rg;l/e spin paramete, the inclination anglé, an overall Gaussian
data are corrected for the intermediate quiescent emisstun Shaped flare background, the over-brightness of the spotd:cc

flare data are listed in Tall. 2. The peak of the NIR fare occurrid to the disk, polarization degree of the disk (restricbed
at 02:56:00 U'II'¢3 mlinutae{E. To WithFi)n about7 minutes the XLj tween 0%-20%) and the spot (restricted between 0%-70%) and

ray peak time occurred at the same time. the initial phase of the spot on the orbit. The inclinatios de-
fined such that the temporary accretion disk is seen edge on at
an inclination ofi=90°. The dimensionless spin paramedate-
scribes the spin of the massive black hole. A non-rotatiaglbl
transfer function relates the flux as seen by a local obseover hole has a spin paramet@£0. A maximaly spinning black hole
moving with an accretion disk to the flux as seen by an observteis a spin parametera$1. The background, the sub-flare mod-
at infinity. This transfer of photons is numerically compiitey  ulation is superimposed on, is centered at 105 minutes asid ha
integration of the geodesic equation. The possibility tplese a FWHM of 80 minutes. The upper limit for the spot polariza-
effects of strong gravity via time-resolved polarimetricabeb tion reflects the maximum value that could be produced by syn-
vations of X-rays was originally proposed by Connors & Starghrotron radiation. Fifl6 corresponds to a disk with a pedjpe
(1977). Two extreme cases of the intrinsic magnetic fieldigen ular E-field configuration. The least reducetivalue of 4.03 is
urations — purely toroidal and purely poloidal — were exadin achieved for a near extremal SMBE £ 0.9) and a high inclina-
as a toy model. Special and general relativisfie@s (the rela- tion angle { = 70°). They? values are calculated using the data
tivistic beaming, redshifts and blue-shifts, lensing,didelays, points with the black error bars. Assuming that the erroesat
the change of the emission angle and the change of polarigader-estimated the fit quality, i.e. bettérvalues, is limited by
tion angle) in the polarized light near a Schwarzschildblamle our simple physical model. We had to assume a fatger 0.7
(Pineault 1981) are calculated. This allows us to fit the rhpde by which the flux of the components has to decrease between the
rameters to actual data. The procedure was first demorgsbyte first and the second revolution. The physical origin of thistér
Meyer et al. (2006ab; the authors also discuss in detailiffierd is not clear, however, we assume it to be due due to 'cooling’
ences to other modelingferts, e.g. Broderick & Loeb 2006a,b).of the spot via synchrotron losses. The model data are glotte
The first configuration is such that the resulting projected &s a continuous smooth (red) line. The amplitude of the model
vector is always perpendicular to the equatorial plane &g&® behaves similar to observed data but the degree of polanizat
Shakura & Sunyaev 1973). As a second configuration we hasyed depolarization is not so high during the sub-flares. With
allowed for a global toroidal magnetic field (Hirose et al02D.  this scenario it is not possible to produce the shoulderdike-
Here we report on recent NIR polarimetric observations structure of the second peak. Also the rise and fall in theakeg
May 2007 which may show a sign of evolution in the orbitingf the polarization at about 120 and 140 minutes are not sharp
spot during the flare. Fitting the flare with the KY-code, wedis enough in comparison with the observations.
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we selected these two radii such that the mean radius is about
4.8Ry according to the period of the flare and that the sub-flare

] structure is fitted by the overall model. Such a configuragion

] plaining the flare activity of SgrA* can successfully simela

] single spot that evolves in time and separates in two entifier

the first orbit.
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Fig. 6. The total flux and degree of polarization for a single spot
during two revolutions for perpendicular E-field configimat
The otherwise grey error bars are plotted in black duringithe

of the largest flux excursions due to the flare. The paramefers
the corresponding model (1) are given in Table 3.

Polarization Degree [%]
20

200 250

Within the framework of a (single) orbiting spot model, th

timescale of the signal variations, the predicted contsashe %lg. 7. The best fit that could be achieved by a double hot spot

. e model for May 2007 data. The otherwise grey error bars are plo
observed light-curve and the changes of polarization degre ted in black during the time of the largest flux excursions ttue

constrained and mutually interconnected. As mentionedebo ;
b X o . ne flare. The parameters of the corresponding model (ll) are
y assuming that the observed variations are dominatedeby \en in Tablé B

bulk orbital motion of the source, the timescales are giyethb
orbital radius and the black hole angular momentum, whereas

the magnitude of the variations increases with the sourde in ) )

nation and reaches its maximum for the edge-on view. It agpea Fig.[4 clearly shows that this model can produce the sub-
that a single persisting spot is irfigient to reproduce the ob- Structures in flux and also the polarization degree. Theéiteps
served properties of the high contrast flare event. In ageeem@ high inclination angle and spin parameter(70° & a = 0.7;

with the multi-component disk model presented in sedfibned wieducedy? = 3.55) which is also in good agreement with pre-
therefore applied another approach in which we employed &/i®us observations by Eckart et al. (2006b) and Meyer et al.
spot model. This double spot approach can also be intetpirete (2006ab). We used the same assumptions for the flare back-
an evolutionary framework, motivated by the fact that attiore  ground as for the single spot model. The two spots orbit atoun
disks show magneto-rotational instabilities in which metim th_e central SMBH for two r_gvolutmns with the same initia} or
field lines provide a coupling between disk sections &edént Dital phases but dierent radii fr = 1.2R) for the case of the E-
radii resulting in an #icient outward transport of angular mo-ield perpendicular to the disk. As the spots separate cdgiple
mentum. Inner disk portions that have lost angular momentff@m each other after the first orbit, this model reprodutes t
will then slide into lower lying orbits, and rotate yet moepidly Observed sharp rises and falls in flux and the degree of palari
(Hawley & Balbus 1991, Balbus 2003). Following this idea w#on.

model the &ects of diferential rotation simply by assumingtwo  Finally, in the case of an azimuthal magnetic field the re-
similar blobs with the same initial orbital phases bufetientra- sults are quite similar to the findings reported by Meyer et al
dial positions within the extent of typical spotgg: ~ 1-2R;)  (2006ab). We find for the best fit curves a redugéevalue of

that successfully described previous flares and sub-flates. 4.60. This field configuration therefore is not favored.
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Model component flux radius spgdisk spin parameter inclination

rinrg Pin% a i
l. 1 0.44 48 30 0.9 70
I. 1 170 4.2 5110 0.7 70
2 170 54 5110 0.7 70

Table 3. Final fit parameters resulting from the relativistic modglusing the KY-code. The flux is given as the over-brightness
ratio between the disk and the spot flux density at the looatiothe spot in the co-moving frame. The polarization ded?ée
given for the spot and disk as well.

4. A multi-component disk model for the individual spots as well. Therefore, starting attkater

of the flare event, we assumed in both cases a 30% increase of

the source component sizes over 30 to 40 minutes, i.e. alvout t

bital time scales. This results in a sharp decrease of 8@ S

-ray flux density and therefore in a very good representaifo

the 2004 measurements (see X-ray flares labgBdnd¢4 in

Fig.[8 and Eckart et al. 2006a). Based on these time dependent

Ynodel assumptions we would have expected a similarly strong

evolution of the X-ray flare light curve for the May 2007 NIR
?(bservations as shown in the bottom right panel of([Big. 8.

SX" Such a scenario may also explain the 2006 July 17 Keck

IR/X-ray light curves reported by Hornstein et al. (2007). The
hors measured an NIR flare without a detectable X-ray-coun

The observed NI-ray properties of the SgrA* light curves
raise a number of questions: Can we expect a sub-flare steuc
in the X-ray domain using a synchrotron self Compton mod
What is the approximate flux distribution within a temporacy
cretion disk around SgrA*? This is also closely related taeno
general questions (discussed in section 4) of how the obder
light curve properties vary if the life time of the spot, stieg
and synchrotron cooling time scales are considered.

In a multi-component model for the temporal accretion di
we combine the light amplification curves for individual iirtg
spots (based on the KY-code) and a simple SSC model. Thereol
we obtain zero order time dependent flare characteristica fr

the NIR to the X-ray domain. We assume that the essential—quterpart' It was delayed by about 45 minutes from a significant

%ray flare, during which no NIR data was taken. Assuming that

t'tl';;gf th%r?dst%en;%?ﬂ:s; ;i;a(t)?(teht;ir:c?i\\l/?ergjl);gErrgjﬁgoﬁe_o- the X-ray flare was accompanied by an unobserved NIR flare as
g YWm, and X COMPO-\ye||, this event may have been very similar in structure to ou
nents are distributed as power laws with the number digtaba July 2004 flare

of flux components within the temporal accretion disk

N(S) o« SiF . N() vy . N(6) o< 6% . ) ]
5. Discussion

In the Appendix we describe the details of this extended SSC N ] ] o
model that allows us to describe the disk structure (incigtiot While the orbiting spot model is very successful in desagpbi
spots) and to calculate light curves in the NIR and X-ray domathe suggested polarized quasi periodic near-infraredsflliere
in order to discuss the questions posed above. are a few model assumptions that are worth bemg discussed (i

We applied this multi-component disk model to the Jul§ection[5.1L) especially with respect to a growing body of ob-
2005 and May 2007 observations presented here, as well asSivational flare data. To explain the feeble emission oASgr
July 2004 data presented by Eckart et al. (2006a; seé Tap. A.fL0 >~ of the Eddington rate) an intense discussion among the

A comparison of the July 2005 X-ray data with noise sedheoretical community at present focuses on a combinafian o
tions added from the 207 s light curve in Fig.3 to the noise fréadiatively indficient accretion flow and jet models (e.g. Yuan,
panels and the light curves shown in Elg.4 demonstratesathafuataert & Narayan, 2004, Narayan et al. 1995 Blandford &
the given SNR and data sampling QPOs in the X-ray data d38gelman 1999, Ball, Narayan, & Quataert 2001, Mékoal.
difficult to determine, even if they have a modulation contradP01, Markdt, Bower & Falcke 2007, Markif, Nowak & Wilms
similar to that observed in the NIR. Bright spots may on ave?005). In sectiofi 512 we discuss our results in the framewbrk
age have smaller sizes or lower cfitirequencies. An increase@ jet model. Itis also of interest to outline links betweesgible
of SSC X-ray flux density due to an increase of THz peak syAccretion disk and winget models which is done in sectibn b.3.
chrotron flux may be compensated by thii&et (see expressions
by Marscher et al. 1983). Hence the sub-flare contrast may .
much lower in the X-ray compared to the NIR domain. 53. The orbiting spot model

In Fig.[8 we show the modeling results for the May 200Earge scale disk instabilities may be responsible for theraiv
NIR and the July 2004 simultaneous NXRray data on SgrA* flare lengths (Tagger & Melia 2006, Meyer et al. 2006a). The
using our time dependent flare emission model. For the 20lght curves for the orbiting spot model have been calcdlate
data we implemented a double hot spot model as describedlar the assumption that the spot remains confined, i.e. tofirs
sectio 3.]L. For the 2004 data we invoke a model consistingdsr preserved in strength and extent, for several orbitabgs.
7 components at increasing distances from the SMBH startikigre the new May 2007 data possibly represents first direct ob
at the inner last stable orbit (see Appendix). The companeservational evidence that spots may only be stable for adroait
line up on opposite sides of the SMBH close to the flare centnbital time scale. An #icient creation of spots could be pro-
in time, thus providing a maximum amount of Doppler amplivided through magneto-rotational instabilities that dreven to
fication before and afterwards. This gives rise to the two NIBe present in Keplerian rotating accretion disks even iptlks-
flare events labeled 11l and IV (Eckart et al. 2006a). Motdht ence of a dominating toroidal magnetic field (Hawley & Balbus
by the fact that the May 2007 data shows evidence for a sd@91, Blokland et al. 2005). Such shear-flow instabilities @
evolution due to dferential rotation within the relativistic disk, fast mechanism to generate a turbulent flow in a Kepleriak dis
we assumed that this may result in an increase of the sowee $e.g. three-dimensional simulations by Arlt & Rudiger 2p0
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Fig.8. Application of the time dependent flare emission model preskin sectiof AR to the data obtained in May 2007 (bottom)
and July 2004 (top). In the panels on the left we show the abiEINIR and X-ray with the modeled portion indicated by a red
line. In the middle and on the right we show the NIR K-band arth)Xlight curve derived from a multi-component disk model.
both cases, starting at the center of the flare event we assaiB@o increase of the source component sizes over aboutrd@asi
i.e. two orbital time scales. With the additional assumptida flux decrease ef1 magnitude due to synchrotron losses the model
provides a very good qualitative and quantitative reprisgem of the 2004 measurements (see Eckart et al. 2006a)h&@007
NIR data there are no simultaneous X-ray data availablenguttband light curve indicates an evolution of the sourcagonents.
The lower right panel therefore represents the light cureewsuld have expected.

Differential rotation as well as the radial transport phenomena Combining the cooling time scale with the expression for the
within the disk stretch out the magnetic field lines that mak | upper frequency of the synchrotron spectrum- 2.8 x 1OGBy§

two disk elements. This mechanism may provide the opportand setting it equal to the observing frequengyve find that

nity for field reconnection to occur. The magnetic loops con-

necting the two disk elements result in poloidal fields ang ma ts o v;z

represent the spot (Hawley & Balbus 1991). A spot life timat th

exceeds the theoretically predicted maximum of about one dihis implies that the life time of a source component bright i
bit (Schnittman 2005, Schnittman et al. 2006; see discnssio the L-band at 3.8m will last ~ 13 minutes, three times longer
sectior[ 5.22) appears to be indicated. In the following aeeh than a component seen at 22 At the same time the upper

assumed that in each flare the sub-flares are dominated byfigguency of the synchrotron spectrum is a strong functibn o
flux density contribution of a single spot. the peak synchrotron cufdfrequency and the source size. Due

to B o« #3,S,2 (e.g. Marscher 1983) we find:
5.1.1. Spot stability within the disk Vo o B 6’4vﬁ1 )

If the spot is not confined it will be disintegrated via sheaar i - , . , . .
the diferentially rotating disk within a very few orbital periods Small variations in these quantities will result in a largeia-
The synchrotron cooling time at 2. is only a few minutes, tion of the upper synchrotron cufdrequency and hence in a

i.e. significantly shorter than the time over which the spaym Significant variation of the infrared flux density (and patally

stay confined in the presence of shearing. If no further hgatith® infrared spectral index; see Eckart et al. 2006a).

occurs this cooling time scale will dominate the time overckih For Fig.[9 we calculated 2un light curves under the as-
the spot persists. The synchrotron cooling time stalean be Sumption of decreasing times scale for the magneto-hydro-
calculated via dynamical stability of source components in the accretishk d

705, 05m-3/2 around SgrA*. The thin vertical lines mark the centers obita

tsupper < 3% 10762y B, ity intervals with Gaussian shaped flux density weights.sEhe
wherets is in seconds, B is in Gausg; is frequency in GHz, marks are spaced by a FWHM of the individual Gaussians
andI” ands are the relativistic factors for the bulk motion of thethat result via modulation with the amplification curvesight
material (Blandford & Konigl 1979). If we adopt-B60 G and curves similar to the observed ones. We assumed that forofach
v9=300-1600 GHz witH" ~ § ~ 1.5 as typical flare characteris-these intervals the flux density distribution within thelds dif-
tics (see Eckart et al. 2006a) then the synchrotron cooiing t ferent. This results in phase shifts between the light cutize.
of the THz-peaked overall flare emission is of the order of 2 todifferent positions of the spot within the disk) ef. This sim-
hours and matches the typical length of a flare event as obderulation shows that the overall appearance (especially thanm
in the K-band as well as the 2.5 hour time scale found at 3 m@PO frequency) of the light curve can be preserved and that
wavelength by Mauerhan et al. (2005). At2n2we find a much variations in the sub-flare amplitude and time separatianse
shorter cooling time scale dfs~4.3 minutes. explained by such a scenario. In Higl. 9 both quantities vary b
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factor of 2. Larger variations are possible for strongerataims
of the spot brightness.

In a simple model by Schnittman (2005) hot spots are created
and destroyed around a single radius with random phases anc
exponentially distributed lifetime$,;z, resulting in Lorentzian
peaks in the power spectrum at the orbital frequency withciwi
of Av=(4rT,i¢)"L. The typical lifetimes of spots in this model are
proportional to the orbital perio@y, at their radius. From MHD
calculations Schnittman et al. (2006) find over a large rasfge
radii that disk perturbations indeed have a nearly expaalent
distribution of lifetimes, withT)j;~ 0.3Tqp. This implies that
even if the spot life time is solely determined by the coolinge
at 2.2 or 3.8um, this scenario is in full agreement with the sug-
gested quasi-periodicity since;j{~0.3Typ~Ts (see above and
Appendix).

From the wdith of the observed QPO ofAF minutes we
can derive an expected full width of the power spectrum péak o
Av~0.02 mirrt. Following Schnittman et al. (2005) this corre-
sponds to an expected life time of the spot¥pf~4 minutes - a
value similar to the synchrotron cooling time in the NIR Krlda
However, quasi-simultaneous K- and L-band measurements by
Hornstein et al. (2007) show that for several 1 to 2 hour clext
of variable K-band emissior3 mJy, including flares of 10 to
30 minutes duration, the light curves at both wavelengtles ar
well correlated. This suggests that the synchrotron cgdline .
scale in this case is not a relevant quantity for the spotilstab period
ity. In addition the spreadv is an upper limit to the width of _ . . . .

a possible Lorentzian distribution describing the QPO mems Fi19.9. Simulation of 2.2m light curves under the assumption of
ments. Therefore, we have to assume fRat is even longer decreasmg tlm_es scale for the stability _of source (;omptsnan
than the synchrotron cooling times at K- and L-band, i.e siéhe accretion disk around SgrA*. The thin vertical lines kitie
nificantly longer than 13 minutes, and suggesting that tloe sfyenters of Gaussian shaped st_ab|_I|t_y tlme_lnt(_erva_ls. Thesés
lifetime could be of the order oo, in agreement with results are spaced by a FWHM of the individual distributions. Forrsho
by Schnittman et al. (2005) and the model calculations ptese stability times scales the overall appearance of the lighteis
here. The synchrotron cooling time scales may not be retetanPreserved but the sub-flare amplitudes and time separatops
K- and L-band if the heating time scale is longer (e.g. on the

time scale of the overall NIR or sub-mm flare event) or if some _ ) o
additional mechanism is at work that stabilizes the spothén d€ncy of the E-vector being perpendicular to the jet digecti
temporary accretion disk of SgrA*. A small spot size and @higRUsk (1988) and Gabuzda & Cawthorne (2000) find a weak in-
magnetic field intrinsic to the spot may help to prevent SJrorplcatmn for parallel orientations in stronger beamed getrses.

shearing, lowering the requirements on this confinemenhaeec '€ mean 230 and 345 GHz intrinsic position angle is*3§7
nism. (E of N) with variations of~31° (Marrone et al. 2007). Within

the error this position angle is orthogonal to that of the [§tR
larized emission at about 60-8(E of N). Both position angles
5.2. The jet model also show a similar amount of variability (about3Bckart et al.

) ) S 2006b, Meyer et al. 2006a,b). Alternating orthogonal poéar
Although in several cases NIR observations provide in@oat tjon angles are a common feature observed in jets. It is algp v
for QPOs (K-band: Genzel et al. 2003b, Eckart et al. 2006fely that the flare spectrum of SgrA* is THz-peaked. In this
Meyer et al. 2006a,b as well as in a recent L-band light curvgase orthogonal polarization angles between frequenbiaeea
Trippe 2007b), they are not apparentin all NIR light cuneg( (NIR) and below (mrysub-mm domain) the synchrotron cut-
see L-band light curve by Hornstein et al. 2007). In additioy frequency are expected. However, the model by Liu et al.
the radio to X-ray properties of SgrA* are often explained by007) also explains the millimeter and sub-millimetergizia-
emission from a jet (see e.g. MafkoBower & Falcke 2007, tion properties with the emission originating entirelyrfra hot
Markoff, Nowak & Wilms 2005), a source structure which is asyccretion disk. This supports that the emission is from kreal
sociated with almost all galactic nuclei. Therefore we d$C gions and therefore associated with flare events occuriihere
the polarization and variability data also in the framewofla iy coronae of the disk or within the last stable orbit. It ssows
possible jet model. that the polarization angle itself is not afcient indicator to de-

cide between a jet and disk structure.

flux density (mJy)

5.2.1. The polarization angle

. . o . 5.2.2. Variability and synchrotron coolin
The orientation of the polarization angle may be linked te th abitty 4 g

intrinsic source structure. In particular in the case oftdtjere If the emission is originates in the foot point of a jet, we \bu
may be a preferred orientation of the E-vector relative tojét  expect that the time dependency of the flux density is not nec-
orientation. Pollack, Taylor & Zayala (2003) find for a samplessarily inferred via the amplification curves of the orgtspot

of 177 sources a flat distribution of position angles with @ te model but solely from jet instabilities and the synchrotcool-
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Fig. 10. Simulated light curves at 2un and 3.&m wavelength. £
The time scale has been set such that the rate of positivedtux d NIR K-band Flare Rate Viehmann et al.
sity excursions matches approximately the variabilityestsed 1t 2004
at 2.2um. The smooth central line shows the contribution of the
2.2um events at 38m. All additional flux density variations
seen at 3,8m are due to lower energy components radiating
longward of 2.2m. 162 \ \ \
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ing. Here we investigate théfect of the the synchrotron coolingFig. 11. Flare rate as a function of flare amplitude for the NIR K-
and show in Fi@.T0 simulated simultaneous light curves2ard. pand emission from SgrA* under the assumption that the char-
and 3.&m. For a mean magnetic field of-80 G we took the acteristic flare duration is of the order of 100 minutes (SelkaRt
frequency dependence of the synchrotron cooling time into @&t al. 2006a). The 1#3 minute variations observed as the sub-
count. The light curve was calculated using the SSC formalisflare structure lies close to the extrapolation of the powaer |
described in the Appendix resulting in source componeris wiine derived from flare measurements. It includes all NIReflar
different upper synchrotron cdtdrequencies. We also assumeavents (see references in secfior 5.2) as well as a K-bamd eve
that the synchrotron heating time is shorter than the cgdime  with high sub-flare contrast observed in May 2007.
and that at any time the NJRIIR spectrum is dominated by a
single source component. Source components that are fatight
<2.2um are bright at 3,8m for a correspondingly longer time.line derived from flare measurements. However, while the sub
For source components that only appear gi@18ve assumed a flare variability appears to be a natural extension of the flate
minimum cooling time of 3 minutes. spectrum, there is no evidence for a large number qfi@.fares
The middle curve in Fig10 (labeled 22 @3.8m) shows with durations between 100 ar@0 minutes. The sub-flare vari-
the 3.8&m flux density contribution of the components that arations also lie to the right of the flare rate power spectrurit as
bright at 2.22m and shorter. All additional flux density contribu-would be expected for any signal that is clearly discernfibla
tions that are included in the 38 light curve are due to sourcethe variations imposed by the flares. It therefore appeabeto
components with synchrotron ciie at wavelengths longward equally likely that the sub-flare variations are due to a s#pa
of 2.4um. Fig[I0 demonstrates that, if the synchrotron coomechanism and lie beyond the possible @uke for low flare
ing time is the only &ect that is responsible for the observedmplitudes as discussed in Eckart et al. (2006a) or beyond an
flux density variations, then the light curves at longeranéd equally likely cutdt for high flare rates. Both cuffs can be ex-
wavelengths will be strongly influenced by all lower energy-s plained within the disk model proposed by Meyer et al. (2006a
chrotron events and will not at all resemble the light cureles in which the flare is due to a sound wave traveling within adinit
served at shorter NIR wavelengths. The quasi-simultanBeusdisk. The disk size limitation may reflect itself in a typickre
and L-band measurements by Hornstein et al. (2007) show tHatation and flux density as well as a possible drop in power fo
the K- and L-band light curves at both wavelengths are wel cashorter variations. The higher sub-flare rates are thenadiyp+
related, suggesting that the synchrotron cooling timeesoahis ical turbulence size scales of components within the disi. (e
case is not relevant. This implies that the heating timeeseals Hawley & Balbus 1991, Arlt & Ridiger 2001). The brightest
longer or the component responsible for the flare event veas sbf these orbiting components would give rise to the observed
bilized by some mechanism (see secfion .1.1). QPOs. The finite orbiting disk may, however, be identicahi® t
foot point of a jet or wind (see e.g. MarkpBower & Falcke

523 The K-band flare rate 2007, Markdt, Nowak & Wilms 2005).

In case of a jgt, the 13 minu.te infrared (optically thin) flu?( 5.3. A disk plus a short jet
density variations may more likely be a result of the vaoiasi

in the accretion process (or jet instabilities) rather thaimg a A source structure in which an accretion disk is associafddav
result of a modulation from an orbiting spot. In this case orghort jet may explain most of the observed properties of SgrA
may expect that red noise variations on these short timésssc&uch a configuration is sketched in Eig.12. In this figure ikk d
are a natural extension of the variability found for longerip is seen edge-on. Details of expected jet geometries aresdisd
ods. Fig[IlL shows the SgrA* flare amplitude as a function bfy Markof, Bower & Falcke (2007). We show one side above
the flare rate at 2/#m under the assumption that the charactethe disk and two events that may be characteristic for higher
istic flare duration is of the order of 100 minutes (see Eckart and lower energy flare emission. The higher energy eventkiwou
al. 2006a). Longer average flare durations will shift thepgra be responsible for the observed N¥Rray flares. The lower en-
towards lower rates and vice versa. The3minute flux den- ergy events would contribute most to long wavelength irgftar
sity variations lie close to the extrapolation of the powawn | emission. Higher energy events within the disk may be meare st
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ble and result in the observed sub-flare properties. Lowemggn

events may occur more detached from the disk, less stable and THz peaked
more dominated by thefiects of synchrotron cooling. While MIR flare
the sub-mm emission will be intimately associated with tBE€S Ap>2.2pum
flare events the mm-emission will originate after adiabetie
pansion, further down stream the wind or jet emanating from . - —oisco
the accretion disk. In addition radial and azimuthal expamef expansion SUbemm/MIR
the emission zone within the disk may occur which is constste T e e components‘ SMBH
with the traveling sound wave picture presented by Meyel.eta  towards Ap>22pm
(2006a). The sound wave or flare would be caused by the dfgka%o components
activity events depicted in FIg.lL2. Further expansion efwind - Isco
or jet towards more extended andfdse source components that o lemporary ek
dominate the cm-emission will occur.

A number of essential scenarios that comprise most of the Ap<22pm

properties associated with infray&dray SgrA* light curves can THz peaked
be explained within the model: « NIR/X-ray flare
- I. Let us assume that the mean upper synchrotronficliés
shortward of the NIR K-band, the source components areestabl
for several cooling time scales and the flux density vanetiare Fig.12. Sketch of a possible source structure for the accre-
due to their orbital motion around SgrA*: In this case catetl tion disk around the SMBH associated with SgrA*. The disk
QPOs should be observed in the NIR K- and L-bands. This si$- shown as a vertical thick line to the right. Extending te th
uation corresponds to the orbiting spot model, represemtste left we show one side above the disk. Higher energy flare emis-
that take place within the accretion disk and will give ris@b-  sion (lower part) is responsible for the observed NMRay flare
served polarized infrared light curves that show quasiegés emission. Lower energy flare emission (upper part) may aabst
sub-flare structure. tially contribute to long wavelength infrared emission.altdi-
- Il. Here we assume that the mean upper synchrotrorfidige tion to the expansion towards and beyond the the mm-source
in or longward of the NIR K-band, but the flare events prodgcirsize, radial and azimuthal expansion within the disk may oc-
flux at increasingly longer wavelengths take place at irgirep cur. HereA; is the wavelength corresponding to the upper syn-
distances above the accretion plane: In this case QPOsefre prhrotron cutdf frequencyys,.
erentially observed at short NIR wavelengths. At longeravav
lengths they are less likely to occur and the variations ate n ) ]
strongly correlated with those at shorter NIR wavelengfigs corona, then the modulation expected from an orbital spgt ma
scenario would be consistent with the presence of a shanjit Pe significantly reduced. Above the disk the spot radiatidh w
would again be valid especially for lower energy events. be subject to less gravitational bending from the black boie
- ll. The mean upper synchrotron ctitdies shortward of the Potentially more extended. In that case a larger sectiomef t
NIR K-band, but the source components are stable for onlyugderlying disk will be heated by the X-ray flare and an insrea
few cooling time scales. In this case QPOs should be obseri@gd amount of the lower infrared flare emission will be inwers
in e.g. the NIR K- and L-bands, but they should be largely uncd=0mpton scattered rather than synchrotron self Comptor sca
related with respect to each other. This could especia”;hbe tered. Thesef&cts W|” a|SO Iead toa S|gn|f|Cant reduct|0n Of
case for lower energy events that result in infrared flux dgnsany QPO sub-flare contrast.
variations but are not accompanied by significant X-ray fare
- IV. If the source component flux density variations are domg
nated by the synchrotron cooling time scale and are not dueto
relativistic efects caused by the orbital motion of the compowe have measured a significant X-ray flare that occurred syn-
nents around SgrA* then the K- and L-band light curves are nelironous to a NIR flare with polarized sub-flares. This corgirm
correlated with each other and no significant QPOs are obdervthe previous finding (Eckart et al. 2004, 2006a, Yusef-Zaateh
Such a scenario may be observed if the flux density variatiogls 2006a) that there exists a class of X-ray flares that sfiow s
occur above the disk, along the short jet or within the disk giultaneous NIR emission with time lags of less than 10 miwute
larger disk radii. In addition there are lower energy flare events that are biigh
The quasi-simultaneous K- and L-band measurements by infrared and are not detected in the X-ray domain (Heinst
Hornstein et al. (2007) make cases Il and IV less likely.yWeret al. 2007). In the relativistic disk model the May 2007 po-
weak X-ray events have also been reported by Eckart et lakimetric NIR measurements of a flare event with the highest
(20064a). Here the evengs, ¢» and¢, could only be identified sub-fare contrast observed until now, provides direct evie
through infrared measurements. In these cases the X-rdy pfa a spot evolution during the flare. This fact providesliert
flux density was only of the order of 1.2 to 1.8 times the quiestrong support for the interpretation of the NIR polaringetata
cent X-ray flux density associated with Sgr A*. Such weak Xwithin a relativistic disk model. Combined with the assuiopt
ray events require that the constant bremsstrahlung ai@bl@r of spot expansion due tofeiérential rotation the combined SSC
SSC component of SgrA* can be distinguished through sendisk model can explain the July 2004 flare (Eckart et al. 2p06a
tive, high angular resolution X-ray measurements as peality and possibly also the 2006 July 17 flare reported by Hornstein
the ACIS-I instrument aboard thehandra X-ray Observatory. al. (2007).
However, we need to measure more flares to obtain a higher sta-The combination of relativistic amplification curves with a
tistical significance. simple SSC mechanism allows us zero order interpretations i
If the entire NIRX-ray flare event happens to occur abova time dependent flare emission model. We find that the tempo-
the SgrA* accretion disk or extends a feRy into the disk rary accretion disk around SgrA* can well be represented by a

measured mm-size

Summary and Conclusion
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eted by those of a simple flare and a quiescent model. We hatdbert, A., Gillessen, S., 2005, ApJ 628, 246

used afe ~ 10%) synchrotron model in which the source com-
ponent spectral indices are compatible with the constanieva

Falanga, M., Melia, F., Tagger, M., Goldwurm, A., Belangdr, 2007, astro-
ph:0705.0238, submitted to ApJ.

Gabuzda, D.C.; Cawthorne, T.V., 2000, MNRAS 319, 1056

of a = O..6 + 0.2 reported by Hornst_ein et al. (2007). A steepercenzel, R., Eckart, A., Ott, T., Eisenhauer, F., 1997, MNR2AS, 219
spectral index ofr = 1.3 allows for direct synchrotron and SSC Genzel, R., Pichon, C., Eckart, A., Gerhard, O. E., Ott, J0® MNRAS 317,

contributions in the NIR. In both cases the component flux de

sities can be represented by a power spectifB) «< S;$ with

48

Genzel, R.; Schodel, R.; Ott, T.; Eisenhauer, F.; Hofmdhn,Lehnert, M.;

Eckart, A.; Alexander, T.; Sternberg, A.; Lenzen, R.; ancdb&uthors 2003a,

an exponents close to -1. The multicomponent model explainsap, 594, 812

the quasi-periodic sub-flare structure at infrared wa\gtlenand

shows that with adequate sensitivity and time resoluti@y th

should be detectable in the X-ray domain as well.

Genzel, R., Schoedel, R., Ott, T., et al. 2003b, Nature, 425,
Ghez, A., Klein, B.L., Morris, M. & Becklin, E.E. 1998, ApJ0S, 678
Ghez, A., Morris, M., Becklin, E.E., Tanner, A. & Kremenek,2D00, Nature

407, 349

We present a model in which a combination of a temporary;he’zy AM.: Duchne, G.: Matthews, K.: Hornstein, S.D.: Temr\.. Larkin,

accretion disk occurs in combination with a short jet. Thaiel
can explain most of the properties associated with infrateey

J.; Morris, M.; Becklin, E.E.; Salim, S.; Kremenek, T.; andcauthors, 2003,
ApJ 586, 127

SgrA* light curves. Simultaneous NIR K- and L-band measure&hez, AM., Wright, S.A., Matthews, K., et al. 2004, ApJ 6059

ments in combination with X-ray observations should lead to
set of light curves that should allow us to prove the propose

Ghez, A.M., Salim, S., Hornstein, S. D., Tanner, A., Lu, J, Rorris, M.,

aecklin, E. E., Duchéne, G.,2005, ApJ 620, 744

reenhough, J., Chapman, S.C., Chaty, S., Dendy, R.O., andaRds G.,

model and to discriminate between the individual higher andoo1, A&A,arXiv:astro-pf0107074v2
lower energy flare events. Simultaneous X-ray measuremenggldwurm, A., Brion, E., Goldoni, P. et al. 2003, ApJ, 584175

are important to clearly distinguish between high and low en
ergy events. To do so it is required to separate the thermmal no

variable bremsstrahlung and the non-thermal variableghinie

Gould, R.J., 1979, A&A 76, 306

Gillessen, S., et al., 2006, JPhCS 54, 411

Hawley, J.F.; Balbus, S.A., 1991, ApJ 376, 223

Herrnstein, R.M., Zhao, J.-H., Bower, G.C., & Goss, W.M.020AJ, 127,

SgrA* X-ray flux density. This capability is provided by the 3399

ACIS-I instrument aboard th€handra X-ray Observatory and

is essential to have, especially in the case of weak X-rag fla

Hirose, S., Krolik, J. H., DeVilliers, J.-P., Hawley, J. 2004, ApJ, 606, 1083
a9, E., Fabricius, C., Makarov, V.V. et al. 2000, A&A, 3521
Hornstein, S. D.; Matthews, K.; Ghez, A. M.; Lu, J. R.; Morrd.; Becklin,

events in which the X-ray flare intensity is Qf the o_rder of theg E : Rafelski, M.; Bagan, F. K., 2007, astro-ph:0706.1782
extended bremsstrahlung component associated with SguA* - Hornstein, S.D., et al., 2006, JPhCS 54, 399
even below. These can clearly be identified in combinatidh wi Liu, S.; Qian, L.; Wu, X.-B.; Fryer, C.L.; Li, H., 2007, astfh:0705.2792L,

infrared data.
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Celebrating 15 years of precision astronomy in the Gal&tiater - Hot topics  produce a stlicient SSC flux in the observed X-ray domain. A

and observational challenges _ possible relativistic bulk motion of the emitting sourcsults in
Weisskopf, M. C., Brinkman, B., Canizares, C., et al. 200SP, 114, 1 a Doppler boosting faCtQi‘zr_l(l-,Bcosp)_l. Here¢ is the angle
Yuan, F., Markd, S. & Falcke, H. 2002, A&A, 854, 854 . : , g ;
Yuan, F.. Quataert, E. & Narayan, R. 2003, ApJ, 598, 301 of the velocity vector to the line of sighg,the velocityv in units
Yuan, F., Quataert, E. & Narayan, R. 2004, ApJ, 606, 894 of the speed of light, and Lorentz factoF=(1-8%)~%2 for the
Yuan, F., 2006, JPhCS 54, 427 bulk motion. With *bluk motion’ we mean the collective matio

Yusef-Zadeh, F., Roberts, D., Wardle, M., Heinke, C. O., Bows. C., 2006, of the emitting material of an entire source component wéth r

ApJ 650, 189 . S
Vusef-Zadeh. F., et al., 2006, Ap] 644, 198 spect to the observer rather than the motions of the indalidu

Zhao, J.-H., Young, K.H., Hermstein, R.M., Ho, P.T.P., 6smi, T., Lo, K.Y, €lectrons. In the particular case of the hot spot model ihés t

Goss, W.M. & Bower, G.C., 2003, ApJL, 586, L29. bulk motion of individual sections of the accretion disk itlkee
Zhao, J.-H., Hermstein, R.M., Bower, G.C., Goss, W.M., &L5.M., 2004, orbiting spot. Relativistic bulk motion is not a necessiypro-
ApJL, 603, L8S. duce sificient SSC flux density but we have used modest values

for '=1.2-2 ands ranging between 1.3 and 2.0, representing a
suitable coverage of the inclinations used in the model$ief t
temporary accretion disk around SgrA* (see below). Such val
In the following we describe an extended SSC model that iHes will also be relevant in cases of mild relativistic owtfo-
cludes a disk structure and allows us to calculate light esirvboth of which are likely to be relevant to SgrA*.

in the NIR and X-ray domain in order to discuss the questions With ye~103, the upper synchrotron cutdrequencyy; lies
posed above. within or just short-ward of the NIR bands such that a conside

able part of the NIR spectrum can be explained by synchrotron
o emission, and the X-ray emission by inverse Compton entissio
A.1. Description of the used SSC model This is supported by SSC models presented by Mér&bal.

Current models (Mark et al. 2001, Yuan, Mark® & Falcke (2001)and Yuan, Quataert & Narayan (2003) that result iga si
2002, Yuan, Quataert & Narayan 2003, 2004, Liu, Melia islflcant amount of direct sync_hrotron emission in the irgchr
Petrosian 2006, Yuan 2006) predict that during a flare a few p&S€€ IS0 synchrotron models in Yuan, Quataert & Narayad 200
cent of the electrons near the event horizon of the centaakbl @nd discussion in Eckart et al. 2004).

hole are accelerated. These models give a description @frthe

Appendix A: The multi-component disk model

tire electromagnetic spectrum of SgrA* from the radio to Xae model _a i S, »

. . T m
ray domain. In contrast to these global solutions, here mé i uas Jy  GHz
our analysis to modeling the NIR to X-ray spectrum of the most A 080 35 040 1100
compact source component at the location of SgrA*. Our analy 0.80 29 0.11 600
sis is based on a simple SSC model describing the observed ra-
dio to X-ray properties of SgrA* using the nomenclature give B 1.30 6.9 240 1200
by Gould (1979) and Marscher (1983). Inverse Compton scat- 130 15 010 1100

tering models provide an explanation for both the compa& NI

and X-ray emission by up-scattering sub-mm-wavelength phpaple A 1. Input parameters for the synchrotrof)(@nd syn-
tons into these_ spectral domains. T_he models do not intendiGtotron self Compton model8). Multi component modeis of
explain the entire low frequency radio spectrum and 1Q state pe temporary accretion disk around SgrA* are calculat@lzh

ray emission. However, they give a description of the corhpagsing component properties that are bracketed by thesepara
emission from SgrA* during low and high flux density flare peggs.

riods. A more detailed explanation is also given by Eckadlet
(2004, 2006a).

We assume a synchrotron source of angular exdeithe
source size is of the order of a few Schwarzschild radii
Rs=2GM/c? with Rs = 1.2x10"m. for a~4x10°M,, black hole. A 2 The SSC disk model
One R then corresponds to an angular diameter8fuas at a ) ) .
distance to the Galactic Center-a8 kpc (Reid 1993, Eisenhauerln order to explain the time dependent flare properties werass
etal. 2003). The emitting source becomes optically thiekfae- that the sub-flare and disk component can be described by a
quencyvy, with a flux densityS,, and has an optically thin spec-number of individual synchrotron and SSC emitting source-co
tral indexa following the lawS,«v=. The upper synchrotron Ponents. Combining the light amplification curve for indival
cutaf frequency isv,. This allows us to calculate the magneti®rbiting spots and the simple SSC model described above, we
field strengthB and the inverse Compton scattered flux densi§an obtain zero order time dependent flare characterisbes f

Sssc as a function of the X-ray photon eneryey (Marscher the NIR to the X-ray domain.
1983): As a starting point we used synchrotron models that rep-

resent a high flux density, i.e. flaring, and a low flux density
state. Greenhough et al. (2001) outline the importance af sc
Sssc o In(va/v)g 223y, Bardg2es2)pra - ing properties of the transport processes operating witbane-
tion disks. Pessah et al. (2007) present a scaling law batwee
The synchrotron self-Compton spectrum has the same spexagnetic stress in units of the gas pressure and the vedtgial
tral index as the synchrotron spectrum that is up-scattieeed cell size in units of the pressure scale height implying that
SsscxEyey ™, and is valid within the limitsE,, andEnay cor-  magnetic field and source component size follow a power law
responding to the wavelengthsax andAmn (see Marscher et al. relation. Therefore we assume that the essential quantitigne
1983 for further details). We find that Lorentz facteesfor the SSC models, i.e. the turnover flux density, frequency, and
emitting electrons of the order of typically 14@re required to the source sizé of the individual source components are dis-
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tributed as power laws with the boundary values taken fraan th
high and low flux density state models. The exponents of the
corresponding number distributiohNgS), N(v), andN(8) of flux
components within the temporal accretion disk @gg, «,,, and

.

extentin Rg

N(S) o Sie , N() v, N(6) o< 6% .

For example itrs = 0 the flux densities of the source compo-
nents cover the full range between the minimum and maximum
values. Fores > 0 andas < O there is an increasing prefer-
ence towards larger and lower flux density values, respadgtiv
Similarly this is true forz,,, anday.
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Fig.A.2. As results from the model calculations (see[FiglA.1)
we show for two cases representative flux density distidiosti
and NIRX-ray light model curves with and without noise.

o v,

will shrink for higher spin parameters. For a rotating blacite
with a=0.5 the radius is-4.4R,. Model calculations have shown
(Meyer et al. 2006a,b) that for SgrA* spin parametars 0.5
and source components orbiting at radii larger than the ISCO
are very likely. Meyer et al. (2006a) have shown that the disk
small with an outer disk radius extending not much furthanth
2Rs beyond the ISCO. With source components sizes of the order
of 1.5R, (Meyer et al. 2006a,b) we can therefore safely assume
that the disk is well sampled using a total of 10 Gaussianegthap
|7 e g disk sections with random values 8f,, v andé taken from the
s o2 40 1 2 3 4 N described power law distributions in order to model thererstc-
cretion disk. The brightest of these sections will then espnt
Fig.A.l. Diagnostic diagrams for two representative syrfh€ orbiting spotand the restwill account for the undedydisk.
chrotron models of the flare emission of SgrA*. _Th|s setup will of course also allow for several bright spfﬁsn_s
is shown for two cases in the top panels of Eig.JA.2. As a simple
- but still general - model we assumed the source compornents t
The ISCO around a non-rotating black hole with spin pde equally spaced along the circumference of a constarit orbi
rametera=0 is 6Ry. Assuming the co-rotating case that radiugVvhile orbiting, the flux density of each component will fallo

5/4
m

o v,
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the achromatic magnification curves that can be calculated a epoch  Agin radius o size S = vm
function of spin parametes, inclinationi and orbital radius. In degree Ry pas_ Jy THz
addition we infer a Gaussian shaped heightening functicm avi May 2007 0060 84'0 00-7 33-5 00-300 11
FWHM of about 3 orbital periods, which resembles the obs#rve ‘ 4 x S 4 11

flare lengths quite well.

In detail in Fig[A2 the flux density distributions are shown uly 2004 _2% 4%4 0%8 337'55 00..:60 11_'22
along the last stable orbit perimeter of the super massiekbl 40 4.8 08 35 040 1.2
hole associated with SgrA*. Here no truncation at or jushimit -60 60 08 35 040 1.2
the last stable orbit has been applied. We show the results fo -80 69 08 35 040 12
the synchrotronA, left panels) and synchrotron self Compton -40 113 08 35 040 12
model @, right panels). The contour lines are at 12, 25, 50, and -30 162 08 35 040 12

75% of the peak of the flux density distribution. The NIR an@ableA.2. Two sets of possible model parameters resulting from
X-ray light curves are representative for the median vadiéise the multi-components calculations for the May 2007 and July
position of they? minima in Fig.4. For comparison we added004 data. We list model parameters at the beginiggof the
sections of the 207 s light curve in Fig.1 scaled to the pe&k véight curve sections contained in the red box in Fig. 8. Thacéx
ues and bin size of the X-ray model light curves. For the NlRalues of the component radii and their relative phaferdinces
we added 0.4 mJy of random Gaussian noise. The bin sizeaé uncertain (by about 2@n A¢ and 30% in radius) as they are
the model data corresponds to 207 s for a 14 min period. Tingerdependent.
position of SgrA* is indicated by a white cross.

As a result we obtain NIR and X-ray light curves that are
modulated corresponding to the random distribution of com-
ponent flux densities as a function of the source componeters represent the boundary values between which the compo
flux densityes and the produciyv2/* (which is proportional to Nnent flux density, size and peak cfitrequency follow a power
B-4Sn2). For each pair of these quantities we calculated 100 rd@W. We chose a spectral index @f= 0.8 for the synchrotron
dom models and computed median values of a number of didgodel (A) in order to be compatible with the constant infcare
nostic quantities (see Fig.A.1). Here we show the contfasieo  SPectral index okv = 0.6 + 0.2 reported by Hornstein et al.
light curve calculated as defined in section] 2.1. The quaait (2007). For the SSC model (B) we have chosen a spectral in-
is a measure of the flux modulation due to the presence of s@§x of @ = 1.3 in order to obtain a significant contribution of
flares during a single flare of the characteristic duratioabafut SSC radiation in the NIR bands which is impossible to achieve
100 minutes. We also calculate the NIR flux density weightedth flatter spectral indices for the given X-ray flare brigéss.
magnetic field strength times the contrast of the light cunoel- The SSC X-ray flux has the same distribution as the SSC NIR
ulation. We take this quantiyC (field contrast) as a measure oflux in the NIR flux panel in Fig.All. For the synchrotron (A in
detectable NIR polarized flare and sub-flare structuresalljin TablA.1) and SSC (B) case it is scaled down by a factoro#
we show in Fig[A.L the NIR flux density and the correspond@nd~110, respectively. o
ing synchrotron and SSC contributions. In detail the lefid an The QPO of the NIR data indicates tlz$0.5. We calculated
right hand panels in Fig_AL1 show the results for a synchrotrthe data shown in Fig. Al1 using a spin valueasf0.5 and an
(A) and a synchrotron self Compton modB) (respectively. For inclination ofi=70° (Eckart et al. 2006b, see also Meyer et al.
both models we list input parameters in Tab.JA.1. The top twaP06ab) and obtaineg?>0.9 and similar values fde-70°. For
panels &) show theexp(—y?/2) results, the middle panelg)( a—>1..0 o_r|—>0o the besty? va!ue drops to 0.6 and 0.3 and its
show the sub-flare contrast, and the bottom pandlsifow the location in the panels shown in Hig.A.1 moves to the lowelr lef
NIR flux weighted magnetic field (see section ), and the near-
infrared emissiond) with red and green contour lines indicatingA
the synchrotron and SSC contribution in that wavelengtigean ™~
The white dashed line indicates the median short wavelendgth important result of the simulations is that the obsenaed t
cutadf of the synchrotron spectrum. Significant synchrotron cotal NIR and X-ray flux densities can successfully be modeled
tribution to the total NIR flux density occurs above this linesimultaneously with the observed sub-flare contrast. Initiaed
The blue filled circle in all panels indicates the locatiortlod the best fits to the NIR and X-ray flux densities lie within or
minimumy?/2, i.e. maximum likelihood Miexp(—x?/2), and close to regions of high NIR flux density weighted magnetic
hence the location at which the model results shown in[Eig. Afield strength. This demonstrates that the combinationeSBC
have been extracted. Mi0.5 corresponds to asldeviation. modeling and the idea of a temporary accretion disk can real-

In order to determine the agreement between the measustically describe the observed NIR polarized flares thatoc
ments and the predicted NIR and X-ray flux density and NIBynchronous with the 2-8 keV X-ray flares. We also find that
contrast C, we perform a maximum likelihood (ML) analysishe exponentialrs of the assumed power law distribution for

3. Results of the Modeling

As a ML score we use the synchrotron peak flux,Sresults in best model results for
) ) ) values aroundrs=-1+1. A value ofas=0 (which is included)
log(ML) = —x5,,./2 —sz,ray/Z -Xs./2 - represents scenarios in which source components coventhe e

tire range of flux densities with an equal probability for leac
Herey? = (Spred_-S,maMed)Z/o-z. For the flux densities we usedvalue rather being biased towards similarly faint or brign-
the values given in Tab] 2. For the sub-flare cont€aste used a ponents. This provides high sub-flare contrast values. An ex
value of 0.6:0.3 as derived from the May 2005 NIR data (Eckafponent ofas=-1 favors lower flux density values. In the SSC
et al. 2006b). In Fid_All we show selected diagnostic diagra model (B) high contrast is provided by the SSC contributimn t
for two representative synchrotron models of the flare géomiss the NIR spectral range also allowing figt-fits at lower flux den-
of SgrA*. The models are based on the input parameters of tsity weighted magnetic field strengths around 30 G rather tha
high and low flux density cases listed in Tab.JA.1. These paraB0 G as for the synchrotron model (A). These magnetic fields
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are comparable to the range of field strengths of the order of
0.3 Gauss to about 40 Gauss, that we obtained in our previous
model calculations (Eckart et al. 2004, Eckart et al. 2006Ete
fields are also within the range expected for RIAF models. (e.g
Markoff et al. 2001, Yuan, Quataert, Narayan 2003, 2004) and
well above the minimum value required to have the coolingtim

of the flare less than the duration of the flare (Yuan, Quataert
Narayan 2003, 2004, Quataert 2003).

In Fig[A.2 we show representative light curves and relative
flux density distributions along the last stable orbit pezier of
the super massive black hole associated with SgrA* for time sy
chrotron (A) and SSC (B) model.

While a single spot model, including a disk contribution, is
successful in explaining the observed infrared polarizgllt |
curves, a model with two spots located at opposite sitesef th
temporary accretion disk may appear as an attractive salas
well. Such models are motivated by the possible formation of
spiral arms within such a disk that may result in correspogdi
'hot spots’ at the position at which the spiral arms orignand
are closest to the last stable orbit. Modulation now occutls w
the pattern speed rather than the orbital velocity. Thisescse
for the Rossby wave instability as discussed by Falanga. et al
(2007).

However, a comparison between the two panels shows that
for spot sizes of the order of orig and above such a two spot
model is not very well applicable. Due to these spot sizes and
due to the fact that (especially for extended spots) thetbaps
is a rather slow function of the spots position on its orbig, ¢or-
responding amplification curves of an individual spot havé f
widths at half maxima that are in the range of 0.3 to 0.5 of a sin
gle orbital period. Such shallow amplification curves resub
rather low modulation contrast ef0.2 for spots of equal bright-
ness, especially if they are located on opposite sideseyfhiave
different brightnesses the contrast changes in favor of a single
spot model as discussed in previous papers (Eckart et 265200
Meyer et al. 2006a,b, Broderick & Loeb 2006a,b). Similarly a
model of equally bright spots orbiting at radii larger thée t
last stable orbit will result in a low modulation contrashce
the amplification is a function of the orbital velocityr("®°) and
therfore sifers from an additional decreadgr)—1) in boost-
ing. In summary: Among orbital spot models with spot sizes of
the order of~1.5Ry, the observed light curve modulations with
a contrast of 0.3 to 0.6 and above, favor scenarios with a sin-
gle dominant bright spot. To demonstrate that it is feasible
give a first order description of the NIR and X-ray light cusve
with the multi-component approach, we applied the model cal
culations to the July 2004 data (Eckart et al. 2006a) July5200
and May 2007 (presented here). The calculations have been pe
formed for a spin parameter @0.5 (as a save lower limit to
the spin parametrer; see Genzel et al. 2003, Eckart et ab200
Meyer et al. 2006ab, 2007) and a disk inclination-ef(°. The
results are summarized in sectioh A and in Tab] A.2
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