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Vorführender
Präsentationsnotizen
#If we look even closer in the central 1 pc and in NIR. Here we have a NACO image- in HKL’-bands.
#The S-cluster is located at  the central 0.04 pc.
#MS young faint B stars with tens of m-sun mass.
#S-stars are the strongest evidence for the existence of a supermassive black hole and its compactness.
#84 stars ranged from S1 to S175 are associated with this cluster. (Show S1-S2 and S175 and the BH.)
#they are on random orbits around the SMBH.
#The proper motion of S-stars was first presented by Eckart & Genzel in 1996.
#up to this date 40 of these stars have determined orbits by tracking them for decades.
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* |Investigate the gravitational potential parameters of
Sgr A* including the mass of and the distance to it
through stellar motion

* Develop a new and practical method to investigate the GR
effects on the proper motion of the stars closest to Sgr A*

* Generate representative stellar orbits using a first-order
post-Newtonian approximation with a broad range of
periapse distance

* Apply the results to data on S2 star

M. Parsa, A. Eckart, B. Shahzamanian, V. Karas, M. Zajacek,
J. A. Zensus, and C. Straubmeler, 2017 ApJ 845, 1



Vorführender
Präsentationsnotizen
in this study I …


NIR Observations
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Vorführender
Präsentationsnotizen
#stars emission are in UV and IR.
#they must be observed in the observations were done using NACO instrument of the VLT in IR and in Ks-band.
#I used NACO: NAOS+CONICA
#Instrument for the VLT in Chile
NACO Provides adaptive optics assisted imaging in1-5 μm range
i use images of S13/S27 camera with smaller/larger FoV and smaller/larger pixel scale, 14X14/28X28 (arcsec) field of view, 13.3/27.0 mas/pix scale


e Data reduction: S2:
1. flat-fielding Ks=14.2
2. sky subtraction Period = 16.2 yr
3. bad pixel correction 33 measurements
e Sl13images: Lucy- 338:
Richardson deconvolution, Ke=17
resolving the  S-stars Period = 18.6 yr
* S27 images: 8 SiO maser 29 measurements
stars: IRS9, IRS10EE, IRS12N, S0-102:

IRS15NE, IRS17, IRS19NW, IRS28

and SiO-15 (Reid et al. 2007) (Meyer et al. 2012)

* Short orbital period data also known as S55
covering large portion of the Ks=17.1
orbit Period = 12 yr

: : 25 t
* Only data with SgrA* flaring MEAsurement

to ensure registration 2002 - 2015



Vorführender
Präsentationsnotizen
#Data reduction was consist of standard steps, flat-fielding, sky subtraction and bad-pixel correction.
2.A cross-correlation algorithm was used to align dithered exposures and high quality exposures were manually selected and were combined.
#In order to measure the position of the S-stars, Lucy-Richardson deconvolusion algorithm was used to resolve the sources in 13 mas/pix scale images. 
#I used 27 mas/pix scale images to measure the position of the 8 SiO masers stars and compared them to their location and proper motion in radio reference frame in order to evaluate the astronomic accuracy of NIR reference frame.
#Stars with short orbital periods enable us to observe large enough portion of their orbits to determine their motion with precision and thus study the properties of our galaxy’s SMBH.
#Therefore, we chose S2, S38 and S55 as my candidate S-stars. Making use of previously reported astrometrical and radial velocity data of these stars will also help us to cover more of their orbits. 
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Figure 1. Left: Single epoch statistics for the offset between
the infrared and radio positions of Sgr A*. The uncertainties
for the R.A. and Dec.: With respect to the median offset the
zero offset point is well included in the median deviation:
1.8 mas x 0.9 mas (thin red ellipse); the standard deviation:
2.0 mas x 1.4 mas (thick black ellipse); the equivalent geo-
metrical mean: 1.7 mas (black dashed ellipse); Right: Single
epoch statistics for all maser sources well centered on the
zero offset point. The standard deviation is 1.8 mas (black
circle).
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Data that contain
SgrA* flaring
only
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Figure 2. Linear motion fit to the Sgr A* NIR counter-
part data (derived from Newtonian orbit fitting to all three
stars) after applying the correction described in the text in
this study (solid blue) compared to a recent study (dashed
red, Gillessen et al. (2009b)). The data point with a cross
indicating their uncertainties are the positions we derived for
the IR counterpart of Sgr A*.

Checking against
S38 data for rotation
(included in MCMC)




* Newtonian (Keplerian) Model: 6 orbital elements

* Post-Newtonian (PN) Model:
* Approximate solution to Einstein's equations
* Expansions of a small parameter: v/c

* Einstein-Infeld-Hoffmann (Einstein et al. 1938) equation of motion:
d‘U* Gﬂ{BH

dt — 62?.3 {T* [Cz —I_ UE —I_ QU_ZBH - 4 (v*vBH)
GM
i (T*-'UBH)2 —4 ,BH

2
2rs Ty

[ = I (0.~ 30mm)) (0. — v |
* or for negligible proper motion of the SMBH (Rubilar & Eckart 2001):

dt 23

d’U* _GMBH [’I" ( 2 GMBH

cc—4 - 'Uf) —4v, ('U*.'r*)]
T


Vorführender
Präsentationsnotizen
#For almost all S-stars a Newtonian model is sufficient. however S2 has a periapse velocity of 0.02 in units of speed of light. such a high velocity is a good motivation to search for the periapse precession and other tests of GR.
#as a relativistic model i use PN Approximation which is an approximate solution to Einstein's equations of gravity in terms of deviations from Newton's law of gravitation
#It is in the form of expansions of a small parameter, ratio of velocity of matter to the speed of light (gravity)
#i use the Einstein-Infeld-Hoffmann (1938) equation of motion: for a compact mass distribution with a constant velocity, the equation of motion of the star is this.
#by integrating this equation i get the relativistic orbit of the star around the BH.


Relativistic and non-relativistic fits to the data
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We modeled the stellar orbits in by integrating the equations using

the 4th order Runge-Kutta method with up to twelve initial parameters,
respectively (i.e. the positions and velocities in 3 dimensions).

Parsa et al. (2017)
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In addition to the VLT data, we
used published (not shown
here) Keck positions by Boehle
et al. (2016) in years 1995-
2010 and radial velocities by
Gillessen et al. (2009)

Boehle et al. (2016)


Vorführender
Präsentationsnotizen
#this is a simultaneous relativistic fit to the 3 stars and the BH gravitational potential parameters. 
#here i used minimum chi2 method to derive the parameters of the interest.
#i used the radial velocity of S2 and S38 given in the literature in addition to my astrometric data set.


IMCMC: Keplerian Model - S2
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Vorführender
Präsentationsnotizen
#I used MCMC technique to simultaneously find the parameters of interest and their 1-sigma uncertainties.
#here is an example of a mcmc simulation with keplerian model for s2.
#Each panel shows a 2D cut of the parameter space.
#as you can see The posterior probability distribution is compact. which means all parameters are well constrained 
#The contours show the 1σ uncertainties in the 2D histograms.
#The marginalized distribution for each parameter is shown independently in the histograms along the diagonal.
#the dashed lines show the 0.16, 0.5, and 0.84 quantiles.


Best MCMC Results

S2 periapse: 2018.51 +- 0.22 which is in July
* Model: Keplerin / Relativistic

* Data: S2 /52 & S38/S52 & S38 & S5O
* Best Results: Keplerian Model - Three Stars

S38 555
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Effects:

Astrometric
Spectroscopic

Lower order effects: Transverse Doppler Shift, Gravitational
Redshift (Zucker et al. 2006; Angélil et al. 2010; Zhang et al.
2015), Periapse Shift (proper motion; Rubilar & Eckart 2001.: first
discussion for GC), equivalent: effects on long half axis and
ellipticity of the orbit Parsa et al. 2017, lorio 2017).

Higher order effects: Frame-dragging (Lense-Thirring) (lorio &
Zhang 2017,Zhang & lorio 2017) , Gravitational Lensing



Vorführender
Präsentationsnotizen
#effects of GR are astrometric and spectroscopic.
#larger and lower order effects are  …
Transverse Doppler Shift and Gravitational Redshift might be observable during the next periapse passage of S2. in the study i will investigate the effect of the periapse shift on the orbit of S2 here.
#smaller higher order effects are: … these effects can not be measured with the current instruments accuracy.


Periapse shift has at least 3 major contributors

* In-plane precession:

1. Prograde relativistic: general relativistic effect (mass and spin of the
black hole)

2. Retrograde Newtonian: presence of distributed mass, longer time
scale at all distances

* Precession of orbital plane:
1. Relativistic: spin (< 1 mpc)
2. Newtonian: granularity of distributed mass
longer time scale at some distances
(Sabha et al. 2012)



Vorführender
Präsentationsnotizen
#the in-plane precession has two components: …
due to the presence of mass of up to 10^4 solar masses (e.g., the robust early result by Mouawad et al. 2005) distributed within the orbit of stars, which may cause a Newtonian precession of the same order of magnitude as GR precession but in the opposite direction.
#the orbital plane can also precess…
Moreover, the granularity of the distributed mass may affect both the eccentricity and the orbital plane through the phenomenon of resonant relaxation.
#the shift of the periapse is The strongest cumulative relativistic effect due to a Schwarzschild black hole up to the first order. which is the effect i will be studying here.
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Elements for S-stars, the three closest known S-stars, and simulated stars are
shown. A resonable range of eccentricities and long axis between those of the

S-stars and stars close to their tidal disruption limit are covered (~0.1mas).

Parsa et al. (2017)


Vorführender
Präsentationsnotizen
#In order to investigate relativistic effects 14 relativistic orbit were generated by positioning stars at a random distance from the BH within the orbit of S2 and giving them an initial velocity on the plane of the sky.
#The case studies cover a similar range in eccentricity to the S-stars but smaller orbital scales. 
# the goal is to develop methods to be able to asses the magnitude of the relativistic effects on the stars by observing them over only one orbital period.
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Elements can be parameterized by the relativistic parameter Y.
This parameter is attractive as it is proportional to the pericenter shift.

Parsa et al. (2017)


Vorführender
Präsentationsnotizen
#A measure of the strength of the PN effects is the relativistic parameter at the periapse 
#it is defined as … with rs being the Schwarzschild radius and rp the periapse distance.
#PN deviations can be expanded by the orders of Yp.
#Υ is by definition dependent on the orbital shape, i.e., the semimajor axis and eccentricity. #The inverse correlations between Υ and the semimajor axis (and consequently the orbital period) and eccentricity are demonstrated in the Figure.
The solid lines are e = 0.9–0.5 from top to bottom in the left panel, and a = 0.02–0.06 mpc (∼0.5–1.5 mas), a = 0.27 mpc (∼6.7 mas), a = 1 mpc (∼25 mas), and a = 5 mpc (∼125 mas) from top to bottom in the right panel. 
#the points are the simulated case studies. the star is S2. the dashed line is the theoretical relativistic parameter for S2 which is 0.00065.
#The deviation from Newtonian mechanics become greater as Yp increases.


AR.A. (mas)

150 125 100 075 050 025 000 —025 -0.50

non relat|V|st|c

0.03+
0.02-
0.01-

0.00-

ADec. (mpc)

-0.01

—0.02

AR.A. (mpc)

6 elements:
e,a,l,Q,o,t
negligible

computation time

| | |
0.06 005 0.04 0.03 0.02 0.01 000 -0.01 —-0.02

40.75

0.50

0.25

0.00

-0.25

-0.50

ADec. (mas)

ADec. (mpc)

AR.A. (mas)
1.50 1.25 1.00 0.75 0.50 0.25 0.00 -0.25 -0.50

T T T T T T T
003l relativistic 1o.75
0.02 | 40.50
2
0.01} 40.25 -
O
0.00} 40.00 ©
o
<
—0.01+ 4-0.25
—0.02 4-0.50

0.06 0.|05 0.64 0.63 0.62 0.61 0.60 —0|.01 —0.02
AR.A. (mpc)

Mass, 5-7 launching parameters,
Post-Newtonian formalism,
4th order Runge-Kutta method,
non-negligible computation time



ADec. (mpc)

1.50 125 1.00 0.75 050 0.25 0.00 -0.25 -0.50
T

AR.A. (mas)

0.03+

0.02-

0.01-

0.00-

-0.01

—0.02 -

40.75

-10.50

-10.25

-10.00

41-0.25

41-0.50

| |
0.06 005 0.04 0.03 0.02 0.01 000 -0.01 —-0.02

AR.A. (mpc)

6 elements:
e,a,l,Q,o,t
negligible

computation time

ADec. (mas)

ADec. (mpc)

0.03

0.02

0.01

0.00

—-0.01

—0.02

AR.A. (mas)
1.50 1.25 1.00 0.75 0.50 0.25 0.00 -0.25 -0.50

| | | | | | |
0.06 0.05 0.04 0.03 0.02 0.01 o0.00 —-0.01 —0.02

AR.A. (mpc)

0.75

0.50

0.25

0.00

ADec. (mas)

-0.25

—-0.50

Mass, 5-7 launching parameters,

Relativistic orbits can
not easily be parameterized

Post-Newtonian formalism,
4th order Runge-Kutta method,
non-negligible computation time




AR.A. (mas) AR.A. (mas)

150 1.25 1.00 0.75 050 025 0.00 -0.25 -0.50 1.50 125 1.00 075 050 0.25 0.00 -0.25 -0.50
T T T T T T T T T T T T T T

0.03- 10.75 0.03- 10.75
0.02 40.50 0.02 +40.50
0 ) @
e 001 {o2s € g o001t lo2s €
g G U ¥
O 0.00- 40.00 © @ 0.00f 410.00 ©
0 o 0o ()
< a4 4 %
-0.01+ 41-0.25 —0.01} 1-0.25
-0.02 - 41-0.50 —0.02 41-0.50
0.06 0.|05 0.(|)4 0.63 0.62 0.61 0.60 —OI.Ol —0.02 0.06 0.|05 0.64 0.63 0.62 0.61 0.60 —0|.01 —-0.02
AR.A. (mpc) AR.A. (mpc)
6 elements: Mass, 5-7 launching parameters,
e,a,i,Q,0t Post-Newtonian formalism,
negligible 4th order Runge-Kutta method,

computation time non-negligible computation time

We need a simpler method to describe the relativistic character of an orbit.
Preferable by simple, non-relativistic orbit fitting
combined with a suitable parameterization.




Squeezed states: o X ,8 > £
For orbital fits:
| = lower part — yP _ 2 _ 2
| 4 X
u= upper part e xe M =e
of orbit

ul= overall fit Fitting only one part of the orbit

sqgueezes the bulk of the

r = random | uncertainties into the other part.
S = systematic

2 ..
X =fit parameter 2 2 2 2 2 2
Zl,s +;(u,s +;(I,r +;(u,r = )(ul,s +;(ul,r

Random due to noise; systemetic due to
non ellipticity
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Vorführender
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#also i need an observable that is relatively easy to measure and that changes noticeably as a result of PN effects.
#the deviations of the overall elliptical shape will become apparent in the misfit of the semimajor axis and eccentricity if we fit only to the lower or upper half of the orbit, respectively .
#The differences can be expressed as ratios of parameters al/au and el/eu.
#This method is basically equivalent to a measurement of the argument of periapse for the two halves of the orbit before and after the periapse and calculating the periapse shift.
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Squeezing allows to derive measures for non ellipticity.
All of these quantities measure the deviation from ellipticity
and will be correlated with the degree of relativity:
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Sqgueezing allows to easily derive measures for non ellipticity.
All of these quantities measure the deviation from ellipticity
and will be correlated with the degree of relativity:
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Results
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Question:
Is the current single dish AO data set of S2
accurate enough to show the effects of GR?

Procedure:
Measure off the a- and e-ratios
al/a, and g /e
as well as A@ compare with
results from simulated stars.


Vorführender
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#high speed and small periapse passage: triggers the idea of investigation post-newtonian effects in weak-field limit.
#S2 has a full orbit and goes through periapse in 2018 for the second time.
#Its speed during the periapse passage reaches up to 2% of speed of light.
#The question here is: given that the Newtonian model can describe the orbit of S2 well so far, Is the S2 current data set accurate enough to show the effects of GR?
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The uncetrainties for the e-, and a-ratios as well as the Aw value were
obtained by transporting the uncertainties from the measurements, via
the reference frames to the final statement.

As we used only images in which SgrA* could be detected as well,
the positional uncertainties are the most important quantites in order
to measure the non ellipticity.

variations in

variations in A@

Considered
AS shifts:



Estimating uncertainties relative to a noise dominated case

We use the combination of our uncertainty in R.A. direction
(essential the Ao mesurement of S2) and the literature data.
For an individual position we then find a mean uncertainty of 1.4 mas.

For about 7 data points per guarter of the orbit this corresponds to

a positioning uncertainty of each quarter of about As = 0.5 mas.
Rendomizing the position of the orbital segments with As=0,+0.5,-0.5 mas :
variations in

variations in A@

Considered
AS shifts:

see section 5.3 in
Parsa et al. 2017
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With respect to a noise dominated situation the S2 values for

the e- and a-ratios and Am represent 3-4c excursions.




Visualization of Results

e 52

¢ S0-102

ESO press annoncement 9 August 2017: ann17051:
Hint of Relativity Effects in Stars Orbiting
Supermassive Black Hole at Centre of Galaxy
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The stellar BH density
IS expected to be
largest at a radius

of a few 0.1 pc.

108

log o(C.01 pc) (M@pc_j)
10°

10*

1000

Merritt 2009 Mcore l:p{]:l

Most authors claim a

~10 Msol population of
black holes residing at the
‘bottom’ of the central
potential well

Chandra observations by
Muno, Baganoff + 2008, 2009

and simulations by
Freitag et al. 2006
Merritt 2009



Histograms of the predicted peri-bothron change of S2 over one
orbital period

Perturbation/scattering can be
as large as the entire expected - 2000M
Newtonian periastron shift. ©

Significant contributions to perisatron
shift Aa) from encounters B
due to granulartiy of ‘scattering’
Population and variation in enclosed
mass due to scattering population:

A \/Nstellar—BHs

REFAY

Higher accuracy needed to make
first statement on scattering
population. Massive IBMH can

b
&

probably be excluded.

Sabha et al. 2012, A&A 545, 70 hw - Awgp (aremin)



The best estimates for the mass and the distance to Sgr A* are:

Mg, =(4.15+0.13+0.57)x10°M

conservative;

babl
R, =8.19+0.11+0.34 kpc ound 3
The change in the argument of periapse of S2 is: /
S2 periapse: Aa)obs —14 '+7 '
2018.51 +- 0.22
which is in July Aa)expected =11

The changes in the orbital elements of S2 imply a relativistic parameter of:

Y, =0.00088 +0.00080 -
Y — 0.00065 rohably more

expected around 0.0004


Vorführender
Präsentationsnotizen
#My best estimates for the mass of and the distance to Sgr A* are this and this, based on Newtonian orbital models and using three stars S2, S38, and S55/S0-102. These results are in good agreement with the recently published values.
#The systematic errors on these values are due to the possibility of choosing a relativistic model instead of a Newtonian one.
#This is a new way to prove and determine the post-Newtonian characteristics of the orbit of S2.
#For the changes in the argument of periapse I find a median with median absolute deviation of Δω = 14’ ± 7′, which is consistent with 11′ and expected for S2 lowest-order periapse shift.
#The changes imply a relativistic parameter of this, which is within the uncertainties consistent with the expected theoretical value.







» We used three stars to derive the mass and distance
of SgrA* in a Newtnian and post-Newtonian solution.

 We present a new and simple method that allows us through
fits of simple ellipses to determin the degree of relativity.

e For S2 the values for the e- and a-ratios as well as Aw value
lie close to the values expected for S2 and the SgrA* mass.

« With respect to a noise dominated situation the S2 values for
the e- and a-ratios and Aw represent 3-4c excursions.

Excepting this result, S2 is the first star with a resolvable orbit
around a SMBH for which a test for relativity can be performed.
We all look forward to more high precision Keck and VLT as
well as VLTI - GRAVITY results (see talk by Frank Eisenhauer)




End
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