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» Geschichtliches und Einfuhrung

» Bausteine eines galaktischen Kerns

« Staubguellen im Galaktischen Zentrum
 Quelle DSO/G2 auf Kollisionskurs

* Vergleich zu aktiven Kernen

* Ausblick



The first 2.2prm scans through the GC
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R.A. scans with a single pixel detector (Becklin & Naugebauer 1968)



The first 2.2prm scans through the GC
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The first 2.2prm scans through the GC
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‘The SMBH SgrA* and its environment

Synchrotron and synchrotron self-Compton g
modeling the NIR/X-ray flares of SgrA*

‘Statistics of NIR light curves of SgrA*
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Relativistic disk calculations \
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‘Upcoming violent events

Summary T , e

Flares: positive flux density excursions in NIR and

excursions above the quiescent state in X-ray




The Evironment of SgrA*

Orbital motion of high-velocity S-stars

On the possibility to detect relativistic and
Newtonian peri-center shifts
o Granularity of scatterers
e Search for stellar probes




Synchrotron and synchrotron self-Compton
modeling the NIR/X-ray flares of SgrA*



Simultaueous NIR/X-ray Flare emission 2004
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First simultaneous NIR/X-ray detection
2003 data: Eckart, Baganoff, Morris, Bautz, Brandt, et al. 2004 A&A 427, 1
2004 data: Eckart, Morris, Baganoff, Bower, Marrone et al. 2006 A&A 450, 535

see also Yusef-Zadeh, et al. 2008, Marrone et al. 2008



The 15 May 2007 NIR Flare
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May 2007 CARMA/NIR data
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Flux

15 May 2007

CARMA, ATCA, IRAM 30m data on SgrA*
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SgrA* VLT L-band flare

on 3 June 2008
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SgrA* APEX sub-mm flare on 3 June 2008




SgrA* on 3 June 2008: Observations
VLT L-band and APEX

sub-mm measurements 0.11
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Recent work on SgrA* variability

Radio/sub-mm:

Mauerhan+2005, Marrone+2006/8,
Yusef-Zadeh+2006/8 and may others
X-ray:

Baganoff+2001/3, Porquet+2003/2008,
Eckart+2006/8, and several others
NIR:

Genzel+2003, Ghez+2004, Eckart+2006/9, ol

Hornstein+2007,D0+2009, and many others 1010 1012 10'% 1018 1018 1020
Frequency [Hz]

v L, [10" erg/sec/Hz]

Multi frequency observing programs:
Genzel, Ghez, Yusef-Zadeh, Eckart and many others

r---------------------------

[ Questions:

:-What are the radiation mechanisms

1+«(How ) Are flux density variations at different
: wavelength connected to each other



Theory
Radiative Models of SGR A* from GRMHD Simulations

MOTION IN
OR CLOSE TO
THE MIDPLANE

relativistic effects ¢
may become
observable here

T,

Accretion of
matter onto
SgrA* results
In a variable
spectrum

il s -
-_A_.u e w-s .§ _SCEN
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Moscibrodzka+ 2010, 2009
Dexter+ 2010



Possible flare models
NIR X-ray

SYN-SYN: Synchrotron-synchrotron
SYN-SSC: Synchrotron-Self-Compton
SSC-SSC: Self-Compton-self-Compton



Parametrization of the logarithmic expression

Two extreme cases:
High demands on electron acceleration or density

SYN-SYN: X-ray produced by synchrotron radiation:;
<10% by SSC ~106 ~m -3 1067
o by n,~10°cm™ y, =10

SSC-SSC:  X-ray produced by synchrotron self-Compton;

<10% by SYN; required density higher than average
n, >10°cm™

Moderate demand on density and acceleration

SYN-SSC: radio/NIR by Syncrotron and X-ray by SSC
n, ~10°cm>2 y, ~10°"
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relativistic electron density
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N(7) = NoE(r)***

All important quantities can be written as
powers of the turnover frequency.

All constants are functions of observables
(spectral index and fluxes) or parameters

Eckart et al. 2012



Rapid variability time scales (< 1hour) imply
a non-thermal radiation mechanism:

1/
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Marscher 1983, 2009



Radiative Models of SGR A* from GRMHD Simulations

In the mid-plane the vertical particle
distribution is well described by a
Gaussian, with a dimensionless scale
height of about 0.1-0.3 (1 o).

DENSITIES CLOSE TO THE
MIDPLANE WILL BE HIGHER ™
THAN AVERAGE

However, the thickness (and hence
the mid-plane density) is mostly
determined by the initial conditions
and energy evolution methods used
In the simulations rather than by the
physics of the accretion flow. TR
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Density versus magnetic field

203 June 2003
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Left: Time-evolution of the orbits of the 80 most energetic ions in a non-magnetized relativistic shock simulation
with [ = 20. The particles are coming from the upstream flow, are back-scattered and accelerated in the
magnetic turbulence in the shock transition, staying within the distance of an ion inertial length Ai = 50Ae.

Bykov & Treumann, 2011, Astr. Astro. Rev. 19, 42
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Volume 9, Issue 1, March 2013, Pages 67-74

In the iImmediate vicinity of SgrA*.



IP/(INP I

N
o
E r
am i 103
=
'uE" o
= {10!
= PR IO PPN RS e 10'1
=400 0 400 0 300 1 10 100 1000

x-xshock I I
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Indication for Adiabatic Expansion of
Synchrotron Source
Components:

The 7 July 2004 Flare

Adiabatic expansion in SgrA*:

Zhao et al. 2004,

Eckart et al. 2006,
» Yusef-Zadeh et al. 2008,
» Marrone et al. 2008




Synchrotron Self-Compton Sources

2\—1/2 —
S, v =(1-5)" B~ 0%2S2
N (E) o E- P (1 ﬁbulk )_1/ 2 upper frequency cutoff of scattered spectrum
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synchrotron cooling time scale
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bulk
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SSC model v o at ~350 GHz -1 THz
MIR/NIR synchr. cutoff
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SSC disk modeling of individual flares: 2004

2004—07—06123:19:38 to 2004—07—07104:16:57
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Adiabatic Expansion of Synchrotron Sources

SV o V_a [ y j(p+4)/2[ R j(2p+3)
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linear transformation to
light curves




Flux Density in Jy
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The Effect of Different Expansion Velocities
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We find 0.008c
as a suitable
expansion velocity!

consistent with
Yusef-Zadeh's values
of 0.003-0.1c



SgrA*: Emission from a disk with a short jet
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MIR flare

Ar>22 pm

ISCO

direction of o
. - )
expansion \
mm-wavelength Sub-—mm/MIR
towards l'. S Ary>2.2 im
cm—radio components '-.l / T \
within em—size limit / / = !
o / B -~ ISCO
e / .
\ / ~— temporary
/ _ accretion disk
e S Ay<22 im
\
\ THz peaked

\ NIR/X-ray flare

F 9
L

measured mm—size



Statistics of NIR light curves of SqrA*

Synchrotron radiation is responsible for flux density
variations in the NIR — which can be studied there
best — without confusion due to fluxes from the

larger scale accretion stream.



Apertures on

(1) SgrA*.

(2) reference stars,
(3) and off-positions

Ks-band mosaic from 2004 September 30. The red circles mark the constant stars
(Rafelski et al. 2007) which have been used as calibrators, blue the position of
photometric measurements of Sgr A*, comparison stars and comparison apertures for
background estimation (Witzel et al. 2012). Witzel et al. 2012
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Using a Gaussion random process (Timmer & Konig 1995) Witzel et al. (2012) found

a transformation that allows us to reproduce the observed light curves that show only
positive flux density deviations and are asymmetric with respect to their mean value.

a) Shows a curve reproduced from the best double and b) the best single broken PSD.
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The observed histogram (black) of flux densities and 20 randomly
selected sets of time correlated power-law surrogate data (colored
dashed lines). The best diagram is shown as a continuous red line.
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Fluorescent back-scatter
from molecular clouds
surrounding the GC:

Revnivtsev et al. 2004,
Sunyaev & Churazov 1998
Terrier et al. 2010

and

Witzel et al. 2012

lllustration of a flux density histogram extrapolated from the statistics of the
observed variability. The expected maximum flux density given by the inverse
Compton catastrophe and a estimation of its uncertainty is shown

as the magenta circle, the SSC infrared flux density for a bright X-ray outburst as
expected from the observed X-ray echo is depicted as the red rectangular.
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QPOs in SgrA* Flare Emission

Flux of Sgr Asx

15

A total of
about 10
flares shows
significant
sub-structure:
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Flux [jonsky x 107°]
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Mever et al. 2005
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A ~1 h X-ray periodicity in an active galaxy RE J1034+396
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Polarization Signatures

Modeling of individual events
Relativistic Disk calculations




NIR Polarized Flux Density from SgrA*
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NIR Polarized Flux Density from SgrA*
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Folarization Angle [deg] Flux [mly]

Polorizotion Degree [%]
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Hot Spot Model

E-vector perp. to disk

1=58, a/M~1.0, ¢= 80
Spot close to 4.0 Rg



Instrument calibrated to ~1%
Current limit due to systematics ~3-4%
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Witzel, G., et al. 2010 sumitted. hour angle
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The NIR Flares show sub-structure:
Sub-flares

stypical flare length: 100 min FWZI
sintra-flare variability with 3-5 maxima
sinterpreted as quasi-periodicity

due orbital motion of a synchrotron
emitting spot in orbit around SgrA*
=P o|n case of a multi-spot scenario the spot
lifetime can be of the order or the orbital
period or even less (Schnittman et al.
2005, 2006, Eckart et al. 2008)

1



.f-""-f H-H"'HH . (arcade) | - open field
/ R \ \ /,,_-H
/ .',?;?- L= = : I ~~ / | Mux rope embedded
'I 2 " : ) ' f f  in magnetic arcades

T, “""-\-\_

-\-\-\""'-\.
footpoints of magnetic
fields in the accretion disk

Yuan et al. 2009

Adiabatic Expansion of Source
Components in the Temporary
Accretion Disk of SgrA*

Black Hole

Last stable orbit
reference orbit
magnetic field lines
outer edge of disk

Eckart et al. 2008, ESO Messenger
Yuan et al. 2009, Balbus & Hawley 1998, Balbus 2003 Eckart et al. 2009, A&A 500, 935
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NIR Polarized Flux Density from SgrA*

d=108 =nAl°. |'.=':_i'. ‘I."=l::l_|_["-| dg=1.8 =a)". |'_=-|-_ ‘I."=l::l_|_["-|

Dovciak, Karas & Yagoob 2004, ApJS 153, 205

Dovciak et al. 2006 _ ~4min prograde
_ - ~30min static
Goldston, Quataert & Igumenshchev 2005, ApJ 621, 785 ~60min retrograde

for 3.6x10**6Msol

see also Broderick & Loeb 2005 astro-ph/0509237
Broderick & Loeb 2005 astro-ph/0506433




Blandford , 2002 in Lighthouses of the Universe
Hirose, Krolik, De Villiers, Hawley 2004, ApJ 606, 1083

What Magneti

S\

¢ Fields Can Do

Dovciak, Karas & Yagoob 2004, ApJS 153, 205



The 15 May 2007 NIR Flare

Flux [jansky x 107°]
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SgrA*: Observational evidence for disk phenomena
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30 July 2005
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Indication of relativistically
orbiting matter!

Zamaninasab et al. 2009




Spot evolution in a differentially rotating disk

face on view
1=0: a=0.5

at times after
1/4T, 3/4T,

5/4T and 7/4T
(left to right).

different
degrees
of spot

shearing

Zamaninasab et al. 2009




NIR Polarized Flux Density from SgrA*

o 2ana|ysis Indicates

a= 0.4-1
L i=50 *70°

Confidence Contours

Meyer, Eckart, Schodel, Duschl, Muzic, Dovciak, Karas 2006a
Meyer, Schodel, Eckart, Karas, Dovciak, Duschl 2006b
Eckart, Schodel, Meyer, Ott, Trippe, Genzel 2006
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Current / upcomming events



A dusty object that can be identified with a star or a pure dust cloud
Is approaching the Black Hole SgrA* at the
Center of the Milky Way (Gillessen et al. 2012, Eckart et al. 2012).

Periapse will probably be reached in September 2013 to May 2014.
An enhanced accretion activity is expected. Brighter flares

may also help to gain information of the particel
acceleration processes.

Qo T T T 71— —— — Gillessen+, Burkert+,
=£2002 — 2005 52002 - 2005
32005 — 2008 22005 - 2008 Murray-CIay & Loeb1
[ k2008 -2011 ) ¢ [ sk2008- 2011 ) i
0.1 #2011 - 2013 KS 0.1 k2011 - 2013 L Ecakrt+
—+ | und andere

relative Dec. in arcseconds
un
\‘\ fB
\" ;: \
relative Dec. in arcseconds

DSO a) | 1 DSO b) .

93 o0z o1 o0 03 02 01 0
relative R.A. in arcseconds relative R.A. in arcseconds Eckart et al. 2012



DSO/G2 closing in

postion [mas]

|
position [mas]
| !

See low proper motion of
the DSO/G2 tail' component ?

position [mas|
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1 1
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5 [kmjs]

Eosition |mas|

position |mas]
1 1 1

1000 0O 1000
Vres [km/s]

Gillessen et al. 2013
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A comparison between the L'-band tracks of the DSO used by Gillessen et al. (2013) (magenta
line; L'-band), Phifer et al. (2013) (blue (K’-band Bry ) and red (L'-band) lines). We also show
the coordinates obtained from the Ks-band identification by Eckart et al. (2013) using VLT
NACO data (data points with red error bars connected by a black dashed line). Data point with
thick black error bars represent the K’-band identification based on Keck NIRC2 data.



08 trajectories modelled emission ~ NIRC2 K'—band Keck
= - o

DSO identified
in public Keck data




Improved 2011/2012 DSO identification in VLT

-0 imajectories modelled emisson NACO Ks—band VLT
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A comparison between the L'-band tracks of the DSO used by Gillessen et al. (2013) (magenta
line; L'-band), Phifer et al. (2013) (blue (K’-band Bry ) and red (L'-band) lines). We also show
the coordinates obtained from the Ks-band identification by Eckart et al. (2013) using VLT
NACO data (data points with red error bars connected by a black dashed line). Data point with
thick black error bars represent the K’-band identification based on Keck NIRC2 data.



K-band identification of the DSO

A TT T LI
Fy B __E awa

LY Tl

0 mtrinsic Av=30

[t

A 10 micrometer

Eckart et al. 2012




NIR Colors of the DSO

Eckart et al. 2012

0

DSO

reddening line 7

black body line
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/ o
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AN

Fig. 16. Sketch of the relative position and motion of the Lagrange poin

L1 and the DSO.

Eckart et al. 2012

The presence of a star may have a
Influence on the accretion activity.

(Schartmann + 2012; Burkert + 2012)

The MIR continuum emission

Is due to a compact object
(<0.1%), while the

Bry line flux is extended over 0.2°
Ist (Gillessen + 2012)



LSR velogity [kens]

Burkert et al. 2012,
Schartmann et al.
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_ X7 polarized with 30% at PA -34+-10 Besides the Mini-Cavity — the strongest
Mie = bow-shock symmetry along PA 56+-10

includes direction towards SgrA*

indication for a fast wind from SgrA*!
Muzic, Eckart, Schddel et al. 2007, 2010




Feeding rate 4xr’q(r) per unit radius
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10-°| l radius dependent
! ! accretion
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Mass input into the feeding region around the BH on the upper panel. Square averaged wind
velocity vw on the lower panel. Feeding is averaged over stellar orbits. Each wiggle represents
a turning point of a single orbit. Only the star S02 and the DSO may feed matter within 0.8".

Shcherbakov & Baganoff ApJ, 2010
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log vF_[erg cm 2 s
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log v [HZ]

Comparison of continuum and emission line properties of the GC and bonified LLAGNSs
by Contini 2011, MNRAS 418, 1935; in ,The LLAGN in the centre of the Galaxy*;
black X : NGC 3147; cyan X : NGC 4579; blue X : NGC 4203; red X :

NGC 4168; green X : NGC 4235; magenta X : NGC 4450.
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LLAGHN off
e <n= 8 -1 0 1

Inclined view on an LLAGN in its 'off' and 'on' state. A logarithmic scale along the semi-major
axis is given. The molecular and atomic gas reservoir is indicated by dark clouds. The stellar
cusp is indicated by the grey background. A temporary or truncated disk and a more substantial
accretion disk are depicted by the pink and red disks surrounding the central black hole.

The cyan lines and tube-like structure represent the not necessarily collimated wind or outflow
off-state and a possible jet in the on-state.

Red giants and blue young stars are shown as filled red and blue circles.

In the off state the activity is dominated by rare and sporadic accretion events linked to dusty
DSO-like objects (grey circles with commentary tails) and to smaller cloudlets that are clearly
visible in the off-state image.



The GC2013 COST conference in Granada, Spain
19-22, November 2013

http://www.astro.uni-koeln.de/gc2013
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NL leads Euro-Team
Universitity of Cologne
studies for

METIS @ E-ELT

MPE, MPIA, Paris, SIM
Universitity of Cologne
participation

GRAVITY @ VLTI signatures of strong gravity with

GRAVITY

NIR Beam Combiner:

= Universitity of Cologne

MPIA, Heidelberg
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contribution to
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