PHYS2160 — Lecture 2 — The Milky Way

Last time

« flux, luminosity and distance

« apparent magnitude (or more usually just “magnitude”), absolute magnitude & distance
modulus

« flux/luminosity in a given bandpass vs bolometric (or “total integrated”) flux/luminosity
« trigonometric parallax and definition of the parsec as a fundamental distance unit

« star counts as a way to probe the properties of a population of stars

« basic picture of the Milky Way
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Galactic bulge

Gala
= .

Globular clusters

/

O, B stars

/ Disk

Emission nebula

Disk — stars (young and middle-
aged stars like Sun), gas, dust

Central Bulge/Spheroid — stars (but
largely hidden from view by the disk
of the Milky Way).

Halo — globular clusters and old
stars (which are asymmetric relative
to the Sun)

The Sun orbits at 8kpc with velocity
220 km s,

Galactic ‘year’ ~230 Myr.
Mass of Galaxy ~ 6x10""M,.
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Co-ordinates

The Cartesian (x,y,z) three dimensional co-ordinate system
(that we all know and love) is not very useful in astronomy.

We observe the Universe projected onto a sphere at Z

enormously large distances, so a spherical-polar co-ordinate 1
*(xy.2)

system makes much more sense. [

We can easily measure the pair of angles — («, ) in the —— Y
example below — to very similar levels of precision, and be / -’

left with the separate problem of how to measure the

distance (r)

We most commonly use an Earth-based co-ordinate
“‘equatorial” system where the place that defines the co-
ordinate a — known as “right ascension” — is based on the
Earth’s equator, and the axis that defines the 6 co-ordinate —
known as “declination” — is based on the Earth’s axis of
rotation.

It's basically a celestial projection of the longitude/latitude
system used to navigate on the surface of the Earth.

A\ 4
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Co-ordinates

In this co-ordinate system, the stars have
(more-or-less) fixed co-ordinates, and the
whole system appears to rotate above us.

As noted before measuring (a, 0) to the celestial equator
same levels of precision is straightforward. ‘ - -
Typically getting precisions of

0.1” (1/1,296,000th of a full circle) is
straightforward, and to 0.001” (1 &

milliarcsecond or mas) is doable with effort.

{ - north celestial pole

north pole

ecliptic
Measuring distances to objects in the south pole —
Universe to better than 10% is typically quite 3
hard to do.

(a, 0) can be reported in units of decimal
degrees or in radians, but are more
commonly reported in sexagisamal notation
— Hours:Minutes:Seconds for a and
Degrees:Minutes:seconds for 0.

south celestia
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(X.9.2) Z
Velocities T (x,.2)
Just as we can define a velocity vector for any :
particle in a three dimensional space ... :
—— Y
So we can define one in our equatorial co-ordinate / N
system (a, 9, r). The relevant velocities are u,, us v, 1 X

The first two are angular “proper motions” across the
sky (i.e. velocities in the plane tangent to the

celestial sphere at that point, and aligned with the
right ascension and declination directions at that
location on the sky) and a “radial velocity”, which is
the velocity towards or away from us along the line of
sight.

A\ 4

U, 1y are straight forward to measure, by taking pairs
of observations separated in time ...
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Proper motions

For example - at right are three images of the very
cool “brown dwarf” UGPS0722 from 1998 to 2010. 4
Three circles highlight the object’s at each epoch. g CY R W, & s s Nk o o
Additional observations (below) allow one to perform ‘
a solution for both proper motion and parallax.

SUKIRT 2010 Mar 02 »

Proper motions are typically expressed in arcsec/yr
or sometimes as millarcsec/yr = mas/yr

The orthogonal proper motion components in the

_ ) o ) _ * 13APR10 *
right ascension and declination directions can be %gmgg *
combined in quadrature to give the total amplitude Hg= —906.9+ 6.5 py= 351.0+ 6.5 m=236.9+ 40.5 T6MARTO +
: : 5 02MAR10 *

of the proper motion. So in the case of UGPS0722 o 12 T5FER10 =
W= g © 28NOV06

—-500

u =V(906.92 + 351.0%) = 972 4 mas/yr

AS (mas)

—1000

The total proper motion is 0.972”/yr. (These data are
how the parallax mentioned last time are measured. P T
In this case the object lies just 4.2pc away. Ao (mas)

L
3000

The fastest known object (measured by apparent Lucas et al. 2010 MNRAS, 408, 56. http://arxiv.org/abs/1004.0317v2
proper motion) is Barnard’s Star at 10.37”/yr at a
distance of 1.834pc.
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Tangential Velocity

If the proper motion and distance is known, then one can determine the physical velocity of the
object (in the tangential plane of the sky) using

vo=474u | 7

for v, in units of km/s, if u has units of arcsec/yr and & has units of arcsec.

Radial Velocity

Radial velocities are determined using the Doppler shift to provide the velocity along the line of
sight.
If you know the rest wavelength of a spectral line as obtained in the laboratory here on Earth (4,,,,),
and then observe the same spectral line in an astronomical object at a different wavelength (41,,,)
then the difference between those observations is the Doppler shift and provides the relative line-
of-sight velocity

For Al=4,,-1 then v,=cAL /A
Where c is the speed of light. It is always quoted in the sense that motions toward you (called
“pblue shifted” because 4 ,.is smaller [and so bluer] than 4, ) are +ve, and motions away
(“redshifted”) are -ve. Total space velocity V is then just the sum of all three components of the
space velocity

VZ=v 24+v2=v24v72+ v

obs obs

The measurement of positions, velocities and brightnesses form the core of much of modern
astronomy.
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Galactic Co-ordinates

Just as one can define an equatorial spherical-polar co-ordinate system based on the

orientation of the Earth (because it's useful), so one can define a Galactic spherical-polar
co-ordinate system based on the orientation of the Galaxy.

Galactic co-ordinates are centred on the Sun, and defined by two angles
l'is the Galactic longitude defined to be zero in the direction the Galactic centre
b is the Galactic latitude defined to be zero in the galactic plane

The Galactic centre direction lies in the constellation of Sagittarius
at a = 17h45m40.04s, & = -29° 00' 28.1”

North
Celestial Pole

Direction of North
b33 Galactic Pole

Direction of
L Galactic Anti-centre
(@) .
: ‘r The Sun
- I -
“ | -
- I
Direction of South
Galactic Pole

Galactic co-ordinates viewed from outside Milky Way Galactic & equatorial co-ordinates viewed from the

Earth
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The Disk (1)

Geometry: Flattened structure of material (stars, gas, dust) that orbits the centre of the Milky Way on
predominantly circular orbits. Its density is reasonably well parameterised as an exponential disk
in both the radial and vertical directions

p(r.z) = pyexp( -rir,) exp (-z/h,)
The radial scale length is r,= 3.5+0.5kpc, so at the Sun’s 8kpc radius its
density is only ~10% of that at the Galactic centre, placing us well into the

outer regions of our Galaxy. The characteristic scale height 4,is around
330pc for older stars like the Sun. The Sun lies within about 30pc of the mid-plane of the disk.

-

Gas and Stars : As well as a dense population of stars, the Disk
also contains a significant reservoir of gas. It is this gas that is
responsible for on-going star formation in the Milky Way.

The gas and dust disk has a significantly lower scale height
(around 160pc) than the disk of older stars (330pc), as do the
very young stars currently forming from this gas and dust.

It is also this gas that is slightly concentrated by travelling spiral
density waves to produce the spiral arms, that are the dominant
visual feature of most galaxy disks. These density waves are
believed to trigger gravitational instabilities in dense clouds of

gas, which in turn initiate the formation of young stars. It is these
bright, hot young stars which produce the clearly visible spiral arms.

Young hot stars trace out the spiral arms in
M51 (HST)
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Galaxies are almost entirely “collisionless” systems as far as stars are concerned
The mass of stars in the Milky Way disk within the inner 3.5kpc (one scale radius) is about 10°M .

If we assume the average mass of a star is about 0.5M, than that implies some 2x10'° stars. To get a
number density lets assume they occupy a volume given a cylindrical disk of radius 3.5kpc and thickness
2x330pc ... so

n. ~2x10'9/ ( m(3500pc)? x 2 x 330pc ) ~ 1pc3.
Or a mean distance between stars of d=1/¢n. ~ 1pc.

Ignoring gravity for the time being, the mean free path for a star to make a direct collision with another
star will be

I~ 1/(n.o)
Where g is the geometric cross-section for collision. For a solar radius star o = 1(2r)?, which means
| ~4.8x10%m = 1.5%10'*pc. That’s a very large number compared to the size of the galaxy!

Or put another way, given the average random velocities of stars relative to each other of about 20km/s,
this corresponds to a mean time between direction collisions of 2.4x10%%s or 7.6x10'8yr — almost a billion
times longer than the age of the Universe.

In practice, gravitational focussing (i.e. nearby stars attracting each other) increases this cross section by
a factor of ~1000. But this is not enough to change the fact that collisions in a disk are incredibly rare.
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The Bulge/Spheroid and the Stellar Halo

Geometry: predominantly spherical “cloud” of stars on randomly distributed elliptical orbits. Stellar density
that falls off as ~ 1/r3.

—o /N % <+
4 I ¢ * \ P
Stellar Halo : is revealed by (1) globular clusters, and (2) as a population of C \ «,}/ \\sg}ci j
“high velocity” stars in the solar neighbourhood (Since Halo stars are on 4;\\\ N s
predominantly “radial” orbits they are “left behind” by the circularly orbiting stars <\ N\ ;\;21/;,1/74)
isk, i ' _ AT,
of the disk, including the Sun) (7% /,7L R,
Stars in globular clusters and the halo (and the bulge) are old (ages in the range s *)

10-14Gyr) and have much lower “metallicities” than that seen for stars in the Solar neighbourhood.

Metallicity is “astronomer speak”(i.e. historical and a bit silly) for the relative abundance of heavy elements
in a star, compared to the amount of hydrogen. The elements in the Universe heavier than Li have all
been formed in the cores of stars, and returned to the interstellar medium via stellar winds or supernovae
explosions.

So very old stars will tend to have lower metallicities because their formation material has been through
less cycles of enrichment. Metallicity is usually paramatrised via the Fe/H abundance ratio written as [Fe/
H], which refers to the logarithmic Fe/H ratio relative to that of the Sun.

A star with [Fe/H] = -4.0 (i.e. Fe abundance 1/10,000th that of the Sun) is considered quite metal poor,
and the current record for the lowest metallicity star known is ~ [Fe/H] < -7 (Keller et al. 2014, Nature,
506, 463). The overall density of this Halo population is very small compared to that of the disk
(~1/10000t") at the Galactic radius of the Sun.



Ige” is readily apparent — the “Halo? is not. It’s
Ily seen via Globular clusters, and “high velocity”
stars near the Sun.




PHYS2160 — Lecture 2 — Milky Way

The Bulge/Spheroid and the Stellar Halo

Bulge / Spheroid : similar geometry (and density profile) to the Halo, but is much more obvious in the
Galactic central region because its density is much higher. It is not clear whether it and the Halo are the
same population (i.e. the halo is an outer extension of the bulge), or distinct ones. Similar bulges are seen
in almost every spiral galaxy.

It is believed that many (if not most) galaxy bulges are host to a massive black hole ...

In our own Galactic centre, the use of very high resolution imaging techniques at infrared wavelengths
allows the stars near the Galactic centre to be monitored. These proper motions allow the orbits of objects
to be tracked, which reveals the presence of a dark, compact, massive object at the Galactic centre.

Left: An HKL-band colour mosaic of
the region around the black hole at
the Galactic centre: H(1.8 ym) =
blue, K'(2.2 ym) = green, L'(3.8 ym)
= red.

Right: Blow-up of the 0.8"%0.8”
region around the position of the
supermassive black hole (labelled
Sgr A¥).
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Early data : 1992-1998

Later data!

Keck/UCLA Galactic
Center Group

A 2.2 micron animation of the stellar orbits in the central parsec. Images taken
from the years 1995 through 2011 are used to track specific stars orbiting the
proposed black hole at the centre of the Galaxy.
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Astrometric positions and orbital fits for 2
stars, within the central 0."8 x0."8 of the
Galaxy, that show significant deviation from
linear motion for measurements obtained at
the Keck telescopes between 1995 and
2012.

Positions are plotted in the reference frame
in which the central dark mass is at rest.
Overlaid are the best fitting simultaneous
orbital solutions, which assume that all the
stars are orbiting the same central point
mass.

These two stars have orbital periods of ~ 16
and ~ 11 years.

These orbits, and a simple application of
Kepler's Laws, provide the best evidence yet
for a “supermassive” black hole, which has a
mass of 4 x108M,,.

Fig. 2. The orbits of SO-2
(black) and S0-102 (red).
RA, right ascension; DEC,
declination. The data points
and the best fits are shown.
Both stars orbit clockwise.
The dashed lines represent
the parts of the orbits that
have been observed with
Speckle data; the solid
lines indicate AO obser-
vations. The data points
for SO-2 range from the
year 1995 to 2012, and
S0-102's detections range
from 2000 to 2012. The
connecting lines to the best
fit visualize the residuals.
Although the best-fit or-
bits are not closing, the
statistically allowed sets
of orbital trajectories are
consistent with a closed
orbit. S0-102 has an or-
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bital period of 11.5 years, which is 30% shorter than that of S0-2, the shortest-period star pre-

viously known.

from Meyer et al. 2012, Science, 338, 84

Our Milky Way has a fairly small black hole at its centre ... as we will see later, other galaxies have
much larger ones, and it may well be that almost all galaxies harbour black hole at their centre.
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The Disk (2) - Rotation

The Galactic disk does not rotate as a solid body, but rather differentially rotates — it rotates faster at
smaller Galactic radii. This can be observed in even the Solar Neighbourhood by looking at the mean
motions of stars in the disk.

If we assume we are a ‘standard of rest’, then stars exterior to us
are seen to lag behind, while those interior to us advance ahead. Stars A/i‘!”‘ T “‘\ﬂk

at the same Galactocentric radius have the same velocity and 7 CE ,_@_“ ﬂ [N
\ .
appear not to move. - S
// $§fa';‘ential

rotation

In practice, stars do not have perfectly regular, circular orbits. So while
they do tend to stay near the same Galactocentric radius, they do

move both radially and above and below the disk. The result is an apparent
“‘random” fluctuation in motion compared to the “bulk flow” of the disk —
what are known as peculiar velocities.

. I ” H H +
We deflne a “Local Sta.nda.rd of Rest .(or LSR) in our Galactic  Galactic center
co-ordlnate_ system which is the veIOC|_ty an “ideal” star WOL_JId Figure 12.9. The pattern of motions to be expected for the
have were it to have no peculiar velocity. (The Sun’s peculiar dificrental mean motions of stars within a few thousand light-
. . . years o
velocity relative to the LSR is ~13km/s.) ~ Fig 12.9 from Shu

How can we measure the extent of that differential rotation?
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The Disk (2) — Oort’s Constants

Consider a star in the mid-plane of the disk with Galactic longitude [ at a distance d from the Sun.

Assume that both the star and the Sun have circular orbits around the centre of the Galaxy at radii of R and R, from the
Galactic centre, and rotational velocities of Vand V,, respectively. The motion of the star observed from the position of the
Sun along our line of sight (i.e. its radial velocity Vobs,r), and motion of the star across the plane of the sky, (or transverse
velocity Vobs,t), are then: Sun

ra

Vobs, r = Vitar,r — Vaun,r = V cos(a) — Vg sin (1)

ra

L'obs, t — 1";tar, t — 1";un‘ t — 1'/' Sill (‘Q) - I"O COSs (‘I)

Where o is the angle the star’s velocity makes to the line of sight. For circular
motions, we can convert those linear velocities to angular ones (v = Qr), to get
Vibs, r = QR cos(a) — Qo Ry sin (1)
Vobs, t = QR sin (a) — Qy Ry cos (1)
From the geometry in the figure, one can see that the triangles formed between

the galactic center, the Sun, and the star share a side or portions of sides, so /
the following relationships hold and substitutions can be made: Galactic center | I

Rcos(a) = Rysin (1)
Rsin(a) = Rycos(l) — d

to get i ) \ o
Vobs, r = (2 — £29) Rp sin (1)

Vobs, t = (2 — Q) Rocos (1) — Qd

What we really want, however, is that expression in terms of observable quantities (/,d) rather than angular velocities.
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The Disk (2) — Oort’s Constants

To do that we take advantage of the Taylor expansion in £2-£2, about the position R,,.
Recall that for a function f near value a, one can write

f'(a) f"(a) 2 f9a) \3 Sun
fa)+ 7 (@) + TR AR TR G A — Y= > Vo
So using just the first two terms we can expand Q (r), and rearrange to get _/ p N
[

. dS
(2—)=(R- Ro) - |Ro

And in addition as long as we are studylng local stars (so d € Rand R,).

R— Ry =—d-cos(l)
So

Vobs,r = —Ro?h;od - cos (1) sin (1)

fobs, t = —ROL;—Q|R0(1 -cos” (1) — Qd
r

Using the sine and cosine half angle formulae (sin(2A) = 2 sin A cos A,
cos(2A) = 2 cos?A — 1) these velocities may be rewritten as functions of 21:

dY, sin(2l)

Galactic center ‘ |

Vobs, r = —Ro |R0 T

i dQ (cos (21) + 1) ds2 cos(?l) 1 _ dQ

obs, t = —Ro—— ar | Rod 5 - Qd = —R{) |R0 T-I— —§ROE|R0 )d

We can write the velocities in terms of the measurable quantities and two coefficients Aand B :
1_ dQ
Vibs, r = Adsin (21) A= —5Ro—-|ro
s, ¢ = Adcos (21) + Bd
bt #) B——%Rg(éQ“—Q
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The Disk (2) — Oort’s Constants

So we have the “Oort constants” A and B expressed in terms of angular rotation velocities. These can
then be transformed into linear velocities by differentiating €2 = v/r and substituting

.1 d9 L (Ve dv
A——QRDdrlRD => 44—5(?0_5'30)
B = —TRO—,\RO - — _1 L_O @

2 d?' B 2 RO + d] |RO

What is the physical meaning of these ‘constants’?

— Ais a measure of the shear (i.e. how much angular velocity changes with radius) in the Solar
Neighbourhood.

— If Ais positive, then this implies the Galaxy’s angular velocity is decreasing with increasing
Galactocentric radius in the Solar Neighbourhood.

— If Alis zero, then there is no shear and one would have solid body rotation (i.e. V=0R). In which case,
B can be seen to just be the magnitude of the angular velocity.

— B describes the angular momentum gradient in the solar neighbourhood, and is also referred to as
vorticity.




PHYS2160 — Lecture 2 — Milky Way

Sun

The Disk (2) — Oort’s Constants

As noted above ...

Vips. » = Adsin (21)
Vips. ¢ = Adcos (21) + Bd

|
Galactic center l |

Which can be rearranged to give A and B solely in terms of measurables (radial velocity, tangential

velocity, distance, longitude)

L p:)bs, r

~ dsin (21)

Wabs, t
d

-

B = — A cos (21)
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The Disk (2) — Oort’s Constants

So, if you can measure distances, radial velocities and longitudes, and plot v, /d
as a function of /, you can determine A and B observationally.

Galactic Longitude (degrees)

SGR CYG AUR VEL SGR
+50 T T T T T T T

1":;)bs r
A= ————
d sin (21)

Radial Speed (km/s)

1;) S ey 7
B = % — A cos(21)

L4 .
| | l | | | |
0 90 180 270 360
Galactic Longitude (degrees)

Figure 19-8 Observed galactic rotation. The radial ve-
locities of nearby Cepheids are plotted as a function of
galactic longitude. These are motions with respect to the
LSR. The solid curve is the expected motions in the Oort

model.

Using Cepheids (a class of stars for which distances can be measured — more on this later) you can apply
an Oort model and start to understand the observed differential rotation of the Galaxy. A is indeed found to
be non-zero, which tells us that the Galaxy is differentially rotating, and not rotating as a solid body.

Modern values for A and B (Feast et al. 1997)

A= 14.8 + 0.8 km/s/kpc
B =-12.4 £ 0.6 km/s/kpc
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The Disk (2) — Oort’s Constants
One can then take potential models for the rotation curve of our Galaxy (e.g. solid body, Keplerian, flat), determine what
their Oort constants would be, and ask whether they agree with what we see (whichis A= 14.8 £ 0.8 km/s/kpc, B=-12.4 %

0.6 km/s/kpc).

For example if orbits in the local neighbourhood followed Keplerian orbits

- ,."IGM which implies d_‘ _ 1 f@ _ 1w
TV ar 2\ R? 2r
1 10 v 310
One can show that the Oort constants would be ... A= B) (Fo + §|Ra) = E
... which for the known Galactic rotation and solar o i
position would give A~20km/s/kpc and B~-7km/s/kpc. B = _l (1_0 _ 1|R ) — _ﬁ
So this doesn’t match what we see. 2\Ro 20 4Ry

What if the rotation curve was flat (ie. V independent of radius, or equivalently dv/dr = 0? This gives

1 (Vq 1(V
A== (20| ) == (=2
2 (RD 'RO) 2 (RO>

1V 1V
5= (5 +0n) =3 (%)

and substituting the known solar rotation velocity and radius into that gives A~14km/s/kpc and B~-14km/s/kpc, which is
remarkably close to the measured values.
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The Disk (2) — Oort’s Constants

So the Oort constants provide insight into the nature of the Galactic rotation curve (at least in the Solar
Neighbourhood) ... the rotation curve is more similar to a flat one, than to a Keplerian one.

This is an insight we will come back to next time ... when we look at Galactic rotation curves for the whole
Galaxy (and for other galaxies)

V (rotation velocity)

------- solid body (V<R)
Keplerian (Vo< 1/ V'R
ssssseceee flat (V= constant)
e Galactic

R (radius)
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Useful constants, units, and formulae:

Gravitational constant G
Speed of light c
Planck constant h
Boltzmann constant k
Stefan-Boltzmann constant o
Mass of the hydrogen atom mpg

Solar mass M
Solar radius Rs
Earth mass Mg,
Equatorial radius of Earth R
Mass of moon Mp00n
Astronomical unit AU
Parsec pc
Hubble’s constant Hy

6.67
3.00
6.626
1.38
5.67
1.67

1.99
6.96
5.98
6.378
7.3
1.496
3.086
70

X X X X X X

X X X X X X X

10"
108
10~
10723
10-8
10727

1030
108

1024
10°

1022
1011
1016

N m? kg2

km s~! Mpc™!

Distance modulus m—M
Apparent magnitude me — My
For small recession velocities v/c
Definition of redshift 1+ 2)
Energy and frequency E
Frequency and wavelength c

5logd — 5 (d in pc)
2.5log Tl

AN/

)\obs/A’rest
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