Galaxies — AS 3011

Simon Driver
spd3@st-and.ac.uk ... room 308

This is a Junior Honours 18-lecture course
Lectures 11am Wednesday & Friday
Recommended book:

The Structure and Evolution of Galaxies
by Steven Phillipps
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Aims

¢ To understand:

What is a galaxy

The different kinds of galaxy

The optical properties of galaxies

The hidden properties of galaxies such as dark matter,
presence of black holes, etc.

Galaxy formation concepts and large scale structure

» Appreciate:

— Why galaxies are interesting, as building blocks of the
Universe... and how simple calculations can be used to
better understand these systems.
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from 18t year course:

» AS 1001 covered the basics of :
— distances, masses, types etc. of galaxies
— spectra and hence dynamics
— exotic things in galaxies: dark matter and black holes
— galaxies on a cosmological scale
— the Big Bang

* in AS 3011 we will study dynamics in more depth, look
at other non-stellar components of galaxies, and
introduce high-redshift galaxies and the large-scale
structure of the Universe
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Outline of lectures

1) galaxies as external objects 13) large-scale structure

2) types of galaxy 14) luminosity of the Universe

3) our Galaxy (components) 15) primordial galaxies

4) stellar populations 16) active galaxies

5) orbits of stars 17) anomalies & enigmas

6) stellar distribution — ellipticals 18) revision & exam advice

7) stellar distribution — spirals

8) dynamics of ellipticals plus 3-4 tutorials

9) dynamics of spirals (questions set after each ~5 lectures)

10) the Local Group
11) clusters and dark matter
12) galaxy distances
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Lecture 1: Basics/Revision

* A quick review of some of the foundations:
— The magnitude system
— Apparent and Absolute magnitudes, (m & M)
— Distances via standard candles
— Hubble’s Law (expansion of Universe)
— The age of Universe
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Fluxes and magnitudes

* The luminosity L is the energy a star emits per second
— units of W (or J s7)
 This is spread over a shell of surface area 411d?

*  We measure flux which is a fn of L and d (inverse sq law):
L

 4md?
» This flux is spread over some wavelength range (spectrum)
E N
[F = H#F(v)dv
0

J

— F(v) normally quoted in Janskys, 1Jy = 1026 W m=2 Hz""
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The magnitude system
* In UV/Optical/Near IR astronomy we use apparent magnitude
rather than flux or Janskys (radio astronomy).
— defined by the ancient Greeks (323BC)
— S intervals of brightness for naked eye stars
— This scale equates to a range of x100 in flux
— Vega is defined to have absolute magnitude O in all filters

F,
[m1 - m, =-2.5log,,(-) ]
F 2
(where we now use F as quick form for F(v))

— i.e., +5 mag difference is equivalent to 100x fainter
— (7.12mag difference = 10 °*"'* =260.54x fainter, etc.)
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Magnitudes and distance

* Magnitudes, like flux, depend on distance, i.e.,

(el A

d;
m, —m, =-2.5log,, e

1

d d,
m, —m, =-5 loglo(j) = SIOgIO(—l)

- i b))/

» absolute magnitude (M) = mag of object at 10pc:

~

[M =m- 510g10(1%) =m=->5log,(d)+5
M is the magnitude of the object at 10 pc, m, or m is the apparent
magnitude at distance d (in parsecs).

In extragalactic astronomy distance typically in Megaparsecs (10°pc):

M =m-5log,,(d)-25
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Examples

The Sun has an absolute magnitude of +5.6 mag, what would its magnitude be if
viewed from the alpha Centauri (1.4 pc)?

m" M =5logd" 5
m=M +5logd" 5
m =+5.6+5log(1.4)" 5=+1.33nac

Two galaxies in the process of merging have apparent magnitudes of 20 mag and
19 mag. After they’'ve merged what do we expect the resulting magnitude to be?

m « —2.5l0g,,(F)
my, = -2.5l0g,,(F,,) = -2.5l0g,,(10°4™ +107°4"2)
my, = -2.5l0g,,(10°*° +10°**°) = 18.64mag

If a galaxy has an apparent magnitude of 20 mag and an absolute magnitude of
-21 mag what is its distance in Mpc?

M =m-5log,,d - 25
d — 100.2(m—M—25) — 10042(20—(—21)—25) — 1585MpC
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Galaxies were visible as hazy blobs in early telescopes...
but not easy to distinguish from other ‘blobs’ like gas
clouds or stellar nebulae

M97
Planetary
Nebula

M42: star-
forming cloud

" i

M51:
spiral galaxy
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Andromeda: The nearest spiral

Cepheid Variable Stars

Well studied stellar objects (physics understood)
Very bright (M, ~ -2)

Pulsate regularly (~ few days)

Pulsation period depends on luminosity

P-L relation is calibrated within a single star cluster of
known distance

e.g. Hyades where distance is known empirically (via
parallax)




The Period-Luminosity Relation for
Cepheids

Henrietta Leavitt (Harvard, 1912)
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log,, P +0.394M, = -0.657

i i

DAYS V Abs. Mag.  (From Hyades)

Once this Equation has been calibrated (as above) we can use it
to measure distances to other clusters.

STRATEGY:. Observe a nearby galaxy
Find Cepheids (via light curves)
Measure P
Measure V app. Mag peak
Calculate Mv
Calculate distance (m=M +5log,,(d) -5)




Example: Cepheid Distances

» If a Cepheid is observed to pulsate with a period of 2.5
days and has an apparent peak magnitude of 18.6 V mags,
how far away is it ?

USE: log,, P+0.394M, =10.657
-0.657 -1og,,(P)

REARRANGE: M, =

0.394
GIVES: M, =-2.68 mags
USE: m=M +510g10(d)! 5

REARRANGE: g =1(P20m M+5)

GIVES: \d = 0.18Mpc|

The Distance to Andromeda

* Andromeda (M31) is our nearest giant galaxy. It lies
0.9Mpc away. What would be the apparent magnitude of a
3 day Cepheid ?

AS BEFORE: , = —0-65(7) ;;ng(P)

M, =!2.88mags
m=12.88+5log,,(0.9) +25

im =21.9 mags|

HUBBLE NEEDED A LARGE TELESCOPE:
100°° Hooker Telescope on Mt Palomar




Hubble’s Discovery

* Having proved that M31 was external to our galaxy,
Hubble collected images and spectra for many more
galaxies

* From photographic images he estimated distances
using the brightest stars (NB: the fainter galaxies were
too distant to find and measure Cepheid stars)

* For nearby galaxies he showed that the brightest star
methods works as a distance indicator and calibrated it
to Andromeda

» From spectra he calculated the radial velocities of these
galaxies

» Plotting distance versus velocity he found:

Hubble’s Law

Most galaxies recede 0,000k
More distant galaxies
recede faster

There is a linear
relationship between
velocity and distance:

— v = velocity (km/s)
— d = distance (Mpc) 2000
— H,=The Hubble constant
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Universal Expansion

Hubble’s law appears to violate the Copernican Principle
as it seems to place us at a special location:

% \@@ v

Q/'
%

Everything is moving away from us? @\‘
— /@

Universal Expansion
Q) What is so special about our location ?
A) Nothing !

Me

<

ou

Consider: % é % % %

According to Hubble’s Law:

w9 O o GG

But if we jump to your location, you see:

ol o o G
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The Universal Expansion

* A “vector jump” to another galaxy will result in that galaxy
seeing all others moving away from it.

* Only an expansion or contraction can produce a centre-less but
dynamic Universe.

An Expanding Universe

to remove the fudge from his equations.

It overturned the idea of permanency and replaced it with an
approximate age for our Universe.

Why ?

calculate the time at . .
which it would have . N
been located at our
position. From Hubble’s
Law this will be the t
same for all galaxies.

Hubble’s observations resolved Olber’s Paradox and allowed Einstein

For any object we can | @ @—' Q}—’
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The Age of the Universe

* From 1/H, we can calculate an approximate
age for the Universe:

1 1
t, =—=—s.Mpc/km
Age H 75 p

o

_ 1 ., 9106"3"1016 00_ ., -
N T é—4 1075

1 )
t =4II 1017 mn & rS
. ©365.25" 24" 60" 6076
fgge =1.267" 10" yrs

fige ! 13Gyrs

Redshift

* A useful parameter for cosmology is the redshift:

N ETIL
I I

" 0 e

 This is analogous to the definition of Doppler shift

such that: v from which follows: T
7l — =

¢ H

[¢]

 Although this is the wrong interpretation of redshift
it 1s a good approximation for low-z (z < 0.5)
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Calculating distances
» Using Hubble’s Law we can easily estimate
distances from a galaxy’s measured redshift.

e.g., If H,="75 km/s/Mpc and the redshift is
measured to be 0.1 what is its distance ?

ze  0.1x3x10°
H

o

d=

=400Mpc

[ This implies that for example its OII line,
normally at 3727A, occurred at 4100A ]

Redshift

* An expansion implies a stretching of space-time.

» The more space-time there is between you and an object the
faster it will appear to be moving away.

* Itis the expansion which causes a galaxy’s spectrum to be
REDSHIFTED:

o OV

DOPPLER SHIFT: : m
—>
REDSHIFT: @W
—
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galaxies at ‘dawn of time’

 furthest galaxies we can see, if redshift relation is
correct, are > 10 Gyr old (> 100 yr old)

— this is nearly as old as the oldest stars in our Galaxy

* hence allowing for light travel time, distant galaxies must
be very young as we see them

— we can see how galaxies formed and what the first
stars in the Universe were like!

— quite different: few heavy elements? thousands of
times more stars forming every year?

— but are our distant samples heavily biased ?

...... this will be a future lecture topic — next we move on to
galaxy classification
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~ Normal
galaxies

L
T
+

Modern
universe

1.0 o/ 07-04
Age of the universe (billions of years)

Big
pang
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Tutorial Question 3

Use magnitude/luminosity equations and assum
all stars have same luminosity and the galaxy
luminosity is:

LG == N*L*
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