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\ 1. Introduction |

e Sagittarius A* (Sgr A*, \WTHAAX—)
— Super-Massive Black Hole (SMBH) candidate
at our Galactic Center (GC) - Ref: Gillessen et al 2017 -

Mass : Mgga ~ 4.43 x 10° M, (3% error)
Spin : aggra -+ NO consensus
Distance : Dgga ~ 8.41 kpc (1.5% error)

— Present estimations are obtained by

Newtonian fitting of stars orbiting Sgr A*.
.- Data of low precision for detecting GR effects
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e So far, no GR evidence for the existence of
the SMBH at GC/Sgr A* is obtained.

. Our lIssue N
Detection and Test of the GR effects with the

gravity of the Galaxtic SMBH /Sgr A*.

J

— As the probe of Sgr A*'s gravity,
we observe a star orbiting Sgr A*.
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2. Our Approach|

i2.1 Observation target : SZ/SO-ZJ

e ex. of observational evidence

Optical obs. - Towards the Galactic Center
il Stars Orbiting Sgr A*

Milky Way by ESO, Gillessen & Genzel
(South Part)
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e Newtonian fitting, 16 years data. (Test particles!)

S-stars
Newtonian fitting

with IR obs. data
by Keck/UCLA

S0-2 (S2)
length~10°AU
Sgr A * 0:11 7 0:11

Some stars, called S-stars, orbiting Sgr A* have
been recognized by Newtonian fitting of obs. data.

N /

-
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e S0-2 (S2): Near Pericenter (3 ;AT W)

— Pericenter distance ~ 100 AU ~ 103

GMSgrA

2

S2 at pericenter
experienes the
Hulse—Taylor Pulsar

StI‘OngeSt graV. Deflection of Light
Shapiro Delay

pOtentiaI ever Precession of Mercury

Microlensing
Observed by Strong Lensing

Galactic Rotation

phOtOﬂS. Terrestrial Labs

Psaltis 04
Morris+ 12

GW of stellar mass BHs

(from talk file
of Nishiyama)
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e S2's important evidences

o Test particle analysis (S2 in Sgr A*'s gravity) and
Newtonian fitting goes well within the error-bars
of current observational data.

¢ The strongest gravitational potential ever observed

by photons is expected at S2's pricenter, 2018.
I T The Main Event!

. S2 as a good probe of strong grav. |
S2 will provide us with the strongest GR effects

(in photon obs.) by simple GR calculations.

J

— Typeset by Foil IEX — 8



{2.2 Obs. quantity} Photo by

Sean Goebel

e Our obs. quantity:
Redshift z of Infra-Red photon
from S2 Aot

Ag2

¢ Subaru telescope is good
for high precision obs. of z.

< US and Europe (Germany) groups
seem to focus on high precision
obs. of S2's pOSition. my photo — -.
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o GR effect observed by Subaru telescope:

Az = <FEinstein — <Newton

(

ZEinstein — 2 calculated in GR

where < . .
| ZNewton = % cal. in Newtonian grav.

¢ GR-redshift zgipstein 1S composed of

o Timelike geodesic of S2 orbiting Sgr A*

o Null geodesics of photons from S2 to us
iIn Kerr spacetime.

o Current status of my calculation (¢, G = 1):
— PN + « (to next page)

— Typeset by Foil IEX — 10



— S2 motion by GR, but photon path by SR

" BH spin effects on z < Subaru’s resolution

_ Light bending effects on z < Subaru’s resolution
(Angélil and Saha, 2010)

o.o <

ZNewton = Us2// < “Radial” (line of sight) velocity

o )\obs 1+ Us2//
<Einstein —
\/ 1 ZMSgrA* 1 — 3,
rS2
1 2MS rA*
™~ USQ// —+ 5 TSi | ’U%Q <— PN form

with some corrections to the PN - .-
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with some corrections to the PN:

o Ts2 and vgyzamo) given by the timelike geodesic
of S2, not by the PN orbit of S2.

o Change of photon's travel time (on the straight
orbit) due to the motion of S2 (Romer effect)

o Count the leap years (for planning Subaru obs.)

|

Following numerical results:
o made under the above approximation.

o |.C. at the previous apocenter (in 2010)
read from Gillessen et al 2017.
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\3. For Main Event in 2018|

3.1 Theoretical estimations

e Predictions with our GR calculation:
o made under the previous approximation.

o |.C. at the previous apocenter (in 2010)
read from Gillessen et al 2017.
o set BH parameters as

Mggen = 4.43 x 10°M,,, : Gillessen et al 2017
aggra = 0.98 Mggra . to Galactic South
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e Orbit of S2 : Periapse shift < Current resolution
— Astrometry for GR effects is difficult in 2018

: : O Apocenter_ T2
(SZ S Orblt) ]I . 051013 iS Shifting | TN 511]?”
from 2000  Our View | T\

to 2058 S / ol S f Initial
= 3.6 periods | %{?06. Iy | Galact1c %’*éjjgc‘ Plane

ol &, | \ North | View
Dechnation\"':\| / "

-

Galactic South ——
Direction of BH spm )
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e Expected redshift and GR effect for 1 period

Plots : ¢z [km/s] vs. t [yr]

Periapsis: 2018.352 yr (8.May) (¢

( ':ZKer_r":ZSchwalzscnild)(at F'!\IHI) [km/s]

CZkerr (@t PN+a) [km/s] _-!
4000 A Al
3000 £ |
2000 £ :
1000 £
0F
-1000 £
-2000 £

BH spin effect ,.............. \
- ?Hard to detect S o
-0sf with Subaru PerlaPSlS (SMay)

1
1
 (EerChenm)n SR ksl

Detectable

2015 | 2020 2025

Peak of cz: 2018.249 yr

2010 !

;
|
|
|
|

-/ with Subaru

_______________

GR effect in
the Redshift |

| (1st April)____*_ - w

2025

Ap(l)apsis: 2010.330 yr (I.C. from Gillessen et al 2017) t_1 month diff.

— | ¢ Azpax =~ 200 km/s at 2018.343 yr (5th May)

Detectable by Subaru ! (error ~ 10 km/s)
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e Variance of Mg,,a near the peak of cz, 2018.25

Redshift, ¢z [km/s]

4250

L= 1) k "III 1
_ CZierr | n“']-(1% variance of MsgrA>

et 10 km/s

4230% """""""""" cAem——— p—— : { '''''''''''' CUAAT)TOO M ®
e FA3%x10°Me
P e it o St TN, 5 300%T0% Mg
e i i BT T S i S A I A S S e R A
2018.246 yr 2018.249 yr 2018.252 yr

— | 1% var. of Mgya < 10 km/s var. of cz

Measurable with Subaru ! (error ~ 10 km/s)
Note: Variance of the time ~ 1 hour --- too small
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|

Precise determi- Distance & Mass of Sqr A* 19/26
: : M. & R, degeneracy from astrometry
S 0
nation of distance a8 282
: : M(R
to GC is possible — 46 ’
with astrometric s |
"°° 4.4’
data. =

|£0.03 kpc (0.4%)

o‘ozsg tx ’2";‘
o \at'__,/ 8-0 8.2 8-4 8-6

R, [kpc] (Gillessen+ 17)
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e Quadrupole deviation
near the periapse of cz, 2018.35

5 Gy = glggerr) 4 6g(quad) GR & g =0

CZGReq [KM/S]

DA T L™y ﬂ‘ -------------
2530 periapsis H“-,_L ol Blue : q= 2/5

~ - Red:q=0
25200 10 kem/s | ", v Green : q =-2/7

iy L O SO SRS UL VPR, T TR SO R SO OO TE
2018351 2018352 2018 353 2018.354 20186.355

— | |q| < O(0.1) & 10 km/s var. of cz
Note: No restriction on g, so far ¢
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e Effect of Invisible masses around the SMBH
near the peak of cz, 2018.25

— Estimate by the Plummer distribution model
Black: 0% , Blue: 1% , Red: 0.5% of Mggea

4040
4020 |-
4000 [
3980 F
3960 |
3940
3920 |

3900 | | | | | |
2018.2 2018.21 2018.22 2018.23 2018.24 2018.25 2018.26 2018.27

— | Restriction of < 0.5% < 10 km/s var. of cz

Note: current restriction < 1%
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|

. In summary ... \
These effects can be distinguished by observing the

time evolution of cz(t) near the peak and periapsis,
with the accuracy cédz ~ 10 km/s

J

Is cdz ~ 10 km/s possible with Subrau 7
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3.2 Observational estimations|

® Our error Mayéom | Aug.A2015 | May.02016 JuI.>2<016 | Ma}SON Aug.O2017
( prel i m i N a ry) fair } mech. trouble fine bad seeing fine good
coz ~ 15 km/s +2000~— T
’ . . B illessen et a ¢ . 3 vy
Subaru's high resolution  **°%% Plsenete s p;\,e\mma
observation of cz S o S gen "t 7 [ourobs.
[} ~1000F  o# 1 Twith
. [Km/s] E 8 - ¥|Subaru
Taklng more data N 1003_'\ '_Z -
' - o I
until 2021, we aim <& . = TSIV BV &
O 500 ,s"mem® o /O
to reduce 5 | fHTIi .5 e\
cdz — 10 km/s 50t ev "ttt 20kmys
Bo0 e 010 S0144 2020
Observaion year 2016.4
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e Obs. plan for 2018 /periapsis

o Current errors of quantities of S2 ~ O(1)%
— Period uncertainty 07" ~ 0.16 yr ~ 3 months

— Recent 3 data 2000 Mar |Apr Ma)'l Jun | Jul Aug Giﬁgig;‘:ﬂ? —
sets show... Oz N P O -
E‘ £ 101010 S o N —
We need 7 obs. s ... [ ANV I\
'
terms to cover S o0} | \\ | | N _
o'
the peak and of (. L N :
decline phase 1000F \NANE \ '
of CZ(t) curve. e 20182 20184 20186 20188 2019
Year

(RV = c2)
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1000

500 ~

=500

-1000 -

-1500

-2000 -

o Supplement: test-fit using Gillessen et al 2017

left: Newton case

Newton case (Red=OurData, Green=Gillessen+17, BlackDot=Perapsis/Apoapsis)

/

/

vvvvvvvvvvvvvvvv

y/
/Our data (2014, 15, 16)

/ are Preliminary.

/

1000

500 -

-500

-1000 (-

-1500 (-

-2000 (-

right: Kerr case

Kerr case (Red=OurData, Green=Gillessen+17, BlackDot=Perapsis/Apoapsis) '

/

/

vvvvvvvvvvvvvv

/ plot from 2000 to 2020

— No GR effect has been detected by now.
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|4. Summary|

e S2's periapsis is in the first half of 2018
e WWe will measure the redshift of photons of S2
with a small uncertainty cdz ~ 10 km/s

e [his accurate observation will give ...
o 1st GR evidence of the Galactic SMBH ~ 20 ¢
o Sgr A* mass ~ 1% and distance ~ 0.4% errors
o Quadrupole deviation factor |¢| < O(0.1)
o Invisible mass < 0.5% of Sgr A* mass

and our current tasks are...

— Typeset by Foil TEX — 24



e [asks for theoretical prediction

o Current I.C. of S2 motion is taken from
Newtonian fitting result at apocenter.

— Under construction of numerical code for
full GR fitting of observational data.

¢ Current ray calculation is done with Special Rel.

— Improve our calculation to solve null geodesics
for near future telescope. (ex. 30m telescope)
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e Tasks for observation and data analysis

¢ Intense observation around 2018
— Proposal to Subaru telescope was submitted

o Correction of observed spectrum

— Making use of atmospheric absorption lines

o Elimination of errors
— systematic, seasonal, etc...

— END —
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