ic Center

he Galact

In t

Weighing of dark matter

¢
o
&




Standard Astrophysical Model: “dormant” quasar
Milky Way: normal galaxy and “Fermi bubble”




Keck Observatory: Twin Telescopes on Mauna Kea, Hawaii
Interferometer: 2 x g 10 m x 36, segments

Ay



Very Large Telescope Array, ESO
Interferometer: 4 X 68.2m+ 4 X 1.8 m




Weighing the supermassive black hole SgrA* in the Galactic Center
Elliptic orbits of fast S—stars

Orbits of S0-2 & S0-104

S0-1
. 50-2
% s0-5
A * S0-16
/g s 50-19
- S0-20
50-38
/ + 50-102

Galactlc Cj: roup 1995-2014

Virial star velocity v ~ 102 km/s
S-star velocities vso—2 ~ 1.5103 km/s
Vso—16 = 1.2 104 km/s

Mass of the central star cluster 107 Mg, radius 1 pc



Supermassive black hole SgrA*

in the Galactic
Center

™

« S0-1
50-2
S0-5

» S0-16

« 50-19

« S0-20

~ S0-38
= 50-102

‘ 3¢
‘Galactic

aGroup 1995-2014
My, = (4.1 £ 0.4)10°M,
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Supermassive black hole SgrA* in the Galactic
Center

S2-star: T,=16 yrs, Mp=(4.1+ 0.4)10°M,



Periodic motion

in the central field

HHTETPHPOBAHME YPABHEHHMRA ABIOKEHUS [ e

Ecan 00MacTs JONYCTHMOrO HAMeHEHWS r Orpaiieua AHIb
ONHUM YC/NOBHEM 7 2> fmin, TO JABHKCHHE YACTHUL HHDHHEHTHO — ee
TPAEKTOPHA NPHXOANT H3 GECKOWEYHOCTH H YXOIHT Ha GecKoied-
HOCTD.

Ecqin 061aCTh H3MEHEHHS r HMEET ABE FPAHALL Fmin H Fmaxy TO
ABHMEHHE SBARETCS (BHENTHBIM W TPACGKTODHS 1LCAMKOM
BHYTDH KO/IBUA, OTPAHHYCHHOTO OKPYMHOCTAMI F = Fuyz H it
10, 0AHAKO, He 03HAYAET, UTO TPAGKTOPHA HEMPEMEHHO ABAACTCH
3aMKHYTOfl KPHBOL. 3a BpeMs, B TeUeHHE KOTOPOro r WIMEHAETCH
OT Fna. H 3aTeM JI0 fmax, PAAHYC-BEKTOP MOBEpHETCA Ha
yroa Ag, it cornacio (14,7)

Ap=2 S (14,10)

VenosHe 3aMKHYTOCTH TPAeKTODHH 3aKMOY2ETCAA B TOM, Yr00ni
5TOT yroa Gl paBeH PAUHOHAJLHOMR 4acTH OT 2, T. €. HMEJX BHI
A= 2xmln, tae m, n—
uesrte uucna. Tory
n HOBTOpeHU
PHOIA  BpPEMEHH
BCKTOp TOYKH, CAENAB
NOJKEIX  060pOTOB, CoBna-
AT CO CBOMM MepBOHA-
UALHBIM 3HAUEHHEM, T. e
TPAeKTOPHA 3aMKHeTCH,
Oanako TakHe Caydau
HCKAKYHTEALHB, H  Npl
npoussoabHoM Buge U(r)
yron Ag He sBAseTcA pa-
HOHABHOR WacThio o1 2m.
Tlosromy B OGmem caydae
TPAaeKTOPHA uHHTHOrO
JBHKERHS He 3aMKHYTA.
Ona Gecunciennoe YHCAO
pa3 MPOXOAHT YEPE3 MHHH-
MasbHOE W MAKCHMAbHOE
paccTosHe (Kax, Wanpu-
mep, Ha puc. 9) H 3a OecKOHEuHOe BPEMA 3aNONHAET BCE KOJBLO
MEiKIly ABYMA FPAHHUULME OKPYKHOCTAMA.

CymectsyloT NHINb 1BA THNA UEHTPATBHLIX MOJefl, B KOTOPHIX
Bee TpaekTOpHi GHUHTHEX ABHKEHHI 3aMKHYTH. ITO MOAA, B KO-
TOPHX MOTeNMANbEAA SHEPrMF MACTHUH Oponopumonanvia 1/r
wan i, Tlepseill 13 STHX CAyUAS PACCMOTPEH B CAeLyiOmeM Tid-
parpade, 2 BTOPOH COOTBETCTBYeT TAK HA3LIBAEMOMY [POCTPaH=
CTBEHHOMY OCHUMAATORY (cM, 3afauy 3 § 23),




Power density profile of dark matter (DM)

p(r) = p <,.) ”

Influence radius of black hole

GM,
rp, = A1 pc, (vh) ~ 102 km/s
(Vh)
B =7/4 — finite DM Gurevich 1964
B =1/2 — infinite DM Zeldovich & Novikov 1971
B =1.7—-1.9 — DM galactic halo Gurevich & Zybin 1988

B =1—3 — numerical DM halo simulation NFW 1995



Precession angle during one orbital period 4d¢

Power DM profile p o r=?

Correction to the black hole potential

5 — Ar2-8 4+ & 4 c, if B #2,
o 47erhrﬁmInr+%+C, if B =2,

A = AxGpprym/[(3 — B)(2 — B)]
Precession angle (Landau & Lifshitz, Mechanics)

_ o (2m [,
so= ( o (¢)6Ud¢)

0

r(#) = p(1 + ecos¢)~!, p = L2/(GMym) = a(1 — e?)
e=0.89 r,=a(l—e)=0.58 mpc, r, =a(l+e)=9.4mpc



Precession angle during one orbital period 4d¢

4w2phrﬁp3_5 3 2e
o = — h Fil4—038,-:3;—
¢ = "1 ey —AMpn 2 1( P3 1—e)

VD & Yu.N.Eroshenko 2015

p = L?/(GMgam) = a(l — e*) — orbit parameter
L — conserved angular momentum of star

Hypergeomertic function

2k (av b, C,Z) =

1
r(c) L
r(b)(c - b) O/tb A=At e

1. Gauss relations for the adjacent Hypergeomertic functions

2. Method of osculating elements

3. P. E. El'yasberg “Theory of Flight of Artificial Earth Satellites’
(Nauka, Moscow, 1965; Israel Program for Sci. Transl., Jerusalem, 1967),
Chap. 11



Weighing of DM in the Galactic Center:

Total mass of DM inside sphere of radius r

4 P
Mo () = T2 12— R332

Ryin — minimal radius of DM distribution

DM fraction inside SO star orbit

Mpwm(ra)
M,

§

?

ro =a(l +e) <1072 nk — apsidal radius of SO star

Mpnm =7



Fitting of S0O-2 star orbit: £ = 31072

Left: star trajectory in the viewing plane
Right: star trajectory in the orbit plane



Fermi-Lat: gamma-radiation from Galactic Center
After reduction of the known background sources




Orbit precession of S0-2 star ¢

in dependence of density profile index of DM distribution 3
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region excluded by DM particles annihilation (neutralino)



Mass fraction of DM &

in dependence of DM density profile index (3 for d¢ = 0.01

0.0010

0.0008

0.0006

0.0002
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Sommerfeld enhancement

DM mass fraction £ in dependence of 7

Vo

(ov) = (ov)o (




New projects of very large telescopes
% 39.3 m European Extremely Large Telescope (E-ELT), Chile ~ 2020




New projects of very large telescopes

@ 30 m, 492 segments Thirty Meter Telescope (TMT), Hawaii ~ 2021




New projects of very large telescopes
USA, Australia, South Korea

$24.5m (7 X ¢8.4 m) Giant Magellan Telescope (GMT), Chile ~ 2020



Results and Conclusion

* Observations of nonrelativistic precession of the SO star
orbits is a promising method for measuring the total DM
mass near the supermassive black hole SgrA* at the
Galactic Center

* An analytical expression for the precession angle has
been obtained under the assumption of a power-law
profile of the DM density

¢ In the near future, modern telescopes will be able to
measure the precession of the orbits of SO stars or to
obtain a strong bound on it



