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Hubble’'s Constant
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Hubble Deep
Field

Deep exposure of
a region in Ursa
major 7 sq arcmin
In four filters.

30.3 hr at 606 nm.

Most of the
~3000 objects in
the field are
galaxies.
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Edwin Hubble




Galaxy
Redshift

First measured
by Vesto Slipher
1912
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Redshift and the Doppler Effect

1+ 2= Ao _ |t Doppler
Ao \ C— Effect
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The Importance of Hubble’s Constant
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Determination of Hubble’s Constant
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+ Fundamental Flane
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Table 2
Maximum Likelihood ACDM Parameters?

Parameter Symbol WMAP Data Combined Data®
Fit ACDM Parameters
Physical baryon density Qi 0.02256 0.02240
Physical cold dark matter density Q.h” 0.1142 0.1146
Dark energy density (w = —1) (Y 07185 0.7181
Curvature perturbations, kp = 0.002 Mpc ! 107 A7, 2.40 2.43
Scalar spectral index s 0.9710 0.9646
Reionization optical depth T (.0851 0.0800
Derived Parameters
Age of the universe (Gyr) Io 13.76 13.75
Hubble parameter, Hy = 100h km s~ Mpe ™! Hy 69.7 69.7
Density fluctuations @ 8 h—' Mpc g 0.820 0.817
Baryon density /critical density (9 0.0464 0.0461
Cold dark matter density /critical density ). 0.235 0.236
Redshift of matter-radiation equality Zeq 3273 3280
Redshift of reionization Zreion 10.36 0.07
Notes.

* The maximum-likelihood ACDM parameters for use in simulations. Mean parameter values, with marginalized
uncertainties, are reported in Table 4.

b “Combined data” refers to WMAP+eCMB+BAO+H;,. WM AP

Hinshaw+ 2013



Super-Massive Black Hole in the
Milky Way

Genzel etal,
Ghez etal



The Milky Way Galaxy

Given the relative proximity of

the Galactic centre (~§ Near-infrared high resolution (~0.1 arcsec)
orbits of stars in the inf Imaging and spectral observations of the
arcsecond of our Gala] Galactic Centre, with speckle and

used to probe the grav adaptive optics techniques, were carried out
botential in which they with 4-10m class telescopes since the early

Unlike gas, stars are i 1990s. Integral filed spectroscopy
gravitational forces, wf Pr?es sbtg(?g i?\ster?etl(‘)i é)lztaln radial velocities of
great advantage. '




The Galactic Centre

Chandra X-ray mosaic 400x900 light years

Central 10
light years







The Keck
Telescopes
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Galactic Centre  IRERCWE -."j‘-

Y - ﬁ513 .

12

@,
Stars e R o S

The measured positions of stars on the detector have to be q-
transformed to a common astrometric frame. This is based [® a4
on eight maser stars for which positions can be determined | _
In radio as well as NIR images. A set of reference stars i
which are present in both the S-star images as well as the |
maser-star images. The reference and maser stars are o
themselves in motion, which has to be taken into account. o |
Positional accuracy upto 1mas, proper motion accuracy of "
0.1 mas yr? and line-sight-velocity accuracy of 5 km s b -
are obtained. ad
-
Fig. 3.— Identification of the sources §1, 52, §3. 58, 512, 513, and 514 for the epochs 1995.5,

1996.4. 1999.5. and 2000.5. The circle of ~50 mas radius marks the position of Ser A*,
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Star Closest to Galactic Centre

NACO May 2002 $2 Orbit around SgrA*

199432 1995.53 BOUHd, hlghly
| eccentric (0.87) orbit,
period 15.2yr,

0.05" pericentre distance

v P & 17 light hours (0.6mpc,
0.015mas),

semi-major axis
4.54mpc

Best fit central point
mass 3.7x10°M

1992.23

Sun

The Motion of a Star around the Central Black Hole in the Milky Way e
0

. . D
ESO PR Photo 23¢/02 (9 October 2002) @European Southern Observatory s U . l arcsec — 3 9 mpc
Schodel et.al Nature 2003 ‘ Skpe)




ORBITAL PARAMETERS OF 52 AS DETERMINED FOR NORMAL AND EQUAL WEIGHTING
OF THE MEASURED POSITIONS

Parameters Normal Weighting Equal Weighting Ghezetal ®
(1) 2) (3) (4)

Offset R.AL (Mas) ..o e, 2024 14+1.3 35+£29
Offset decl. (Mas)......coveiiiieiciiiies e, —-2.7+45 -2.3+13.1 —6.8 £ 4.7
Central mass (% 10° M) .ooooieinioiiiicnnee. 3.31 £ 0.67 307 £0.72 4.07 £ 0.68
Period (V) e e e 1573 £0.74 15.31 = 0.71 15.78 £+ 0.82
Pericenter passage (V) oo cciee i enie ceeees 2002.31 £ 0.02 2002.31 = 0.04 2002.33 £+ 0.02
Eccentricity . ... ..o e 0.87 £ 0.02 0.87 +£0.02 0.87 + 0.01
Angle of hne of nodes (deg) .......cccoeeee e 458+ 7.0 409 + 8.2 499 +30
Inchnation(deg).............. +457 + 2.6 +44 7+ 39 ~473+ 125
Angle of node to pericenter (deg).............. 2447 £ 47 241.0 £ 6.3 2485 £ 18
Semimajor XIS (TMPC). oo e erie eeeees 454 +0.27 434 +0.31 487 £0.21
Separation of pericenter (mpc).......coeeeeees 0.59 = 0.10 0.56 = 0.10 0.62 £ 0.03

M=3.31x10°M, P=15.7yr, D,

Schodel etal ApJ 2003

eri

= 0.59 mpc



Photometry Around Peristron Passage of S2

S21is
obsel
peric
parti
the b

peris—<£ 144 1

one of the brightest in the sample and has been |

13.7¢ H S2 Psf photometry
13.8}

2 PR A |

Viable explanations for the change in brightness of S2 are
(1) Reduced extinction due to removal of dust by Sgr A*
which should effect other stars as well as can be tested in
the future; (2) Dust in the accretion flow onto the black
hole could be heated by S2 and produce the excess
brightness; (3) S2 could be confused with another star. The
last two possibilities would lead to astrometric errors,
affecting the computed orbit.
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Stellar Orbits
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Pulsars as
Cosmic Clocks



Discovery of Radio Pulsars
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Fulse Period
M

260

| | |
O 2 4
PSR B0329+54 Time {s)

Distance 2643 light years
P=0.71452 s

Pulse MNumber

L
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Fii. 5. —A sequenpe of 260 pulses that shows strong subpulses at the
position of the interpabe. Also ploted is the modulation index [eq. (1]].



Pulsars as
Neutron Stars

ROTATION
AXIS

RADIATION
P BEAM

RADIATION
BEAM



Determination of accurate pulsar periods requires
many corrections to observations:

1 *Pulse dispersion due to the interstellar medium

Earth’s motion in an elliptic orbit

2 Motion of the Sun relative to the barycentre
*Relativistic corrections
M *Orbital motion of the pulsar around a companion

Slowing down of pulsar’s rotation...




Pulse-Fepetition Fregquency (pulse per second)
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The Binary Pulsar 1913+16

] Hulse & Taylor 1974
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The Binary Pulsar 1913+16
Hulse & Taylor 1974

01 s

\

L hr
Precession 4.3 degree/year

km
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CM Orbital velocity of stars at apastron: 110 km/s
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The Binary Pulsar

1913+16
Hulse & Taylor 1974

Orbital decay due to
the emission of
gravitational waves
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Millisecond Pulsars




Millisecond Pulsar

Periods and Period Derivatives

J1748-24 | 1.395, 954, 82 ms 0x 1079 ss™
6
B1937+21 | 1. 557, 806, 472, 448, 817 ms | 1.051212 x 1019
3
B1957+20 | 1. 607, 401, 684, 806, 32 ms | 1.68515 x 1020

3




P — T T 7T

Timing iy © B1937+21 _«
Residuals A T e IR o

o Y N
The timing residuals in 1937+21 show a trend which
remains unmodelled. Even then the fractional error

IS a few us over a few years, so the fractional error
IS ~2x10-14,

The residuals could be due to a number of effects |t
like incorrect solar system data, effects in the -
interstellar medium or a cosmic gravitational wave | -
background or even due to clock instabilities.

Fii. 5~—Tmming resduals for (a) PSR B1937 + 2] and (B) PSR !':HHE-E;U"J'.
relative to the parameters listed m Table 2 (withv = @ = % = & = P, = . Fou
clarity we have imcluded only the highest quality data: for PSR B1937 4 21, the

DM-corrected TOAs obtained at 2380 MHz with observing systems B
[iriagies) and F { filled circles), and for PSR BIE55+ 09, those obtaimed af
|28 MHz with observing systems A {triangles) and D | Siled circies).



Millisecond Pulsars as Accurate Clocks

For millisecond pulsars, pulse arrival times can be
very accurately predicted over many years.

Such a pulsar can therefore serve as an accurate
cloak, providing a new timescale which is
astronomical in nature.

Can such time scale compare in precision with the
best atomic and optical clocks?

It Is possible that over a long period of time, an
array If millisecond pulsars can do better than the
best terrestrial clocks now available.



Comparison of
Terrestrial and
Pulsar Clocks
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SKA

" 45 TB/sec

South Africa — Australia exiting correlators
2020, 2024 500 PB/yr
~3000 dishes, 15m diameter archival data
70MHz-10GHz, <0.1” Hexaflop computing




~ Thirty Meter Telescope

Caltech
University'€
Canada
Japan
China

India

30m equivalent
primary mirror,
492 segments,
1.4m each.

FOV 20 arcmin,
0.31 to 28 micron,
Angular resolution
with AO ~7 mas






Thank You!
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