


Summary of Tuesdays Lecture
Local Group

* Introduction of Tully-Fisher scaling relation- how
to compare galaxies- much more in discussion of
spirals this week.

e Discussion of detailed properties of M31, M33
comparison to MW; differences in how they
formed; MW very few 'major mergers' M31 more;
not all galaxies even those close to each other do
not have the same history.

* Dynamics of local group allow prediction that
M31 and MW (and nresumablv the Magellanic



The Components

Disks:

Rotationally supported, lots of gas, dust, star
formation occurs in disks, spiral arms

Origin in CDM models: disk galaxies form in
halos with high angular momentum and quiet
recent assembly history, ellipticals are the slowly-
rotating remnants of repeated merging events.
Disks, form out of gas that flows in with similar
angular momentum to that of earlier-accreted
material



Halo

e Totally dominated by
dark matter but does
have gas (HI) ,some
field stars and globular
clusters

TABLE 23.1 Overall Properties of the Galactic Disk,

Halo, and Bulge

GALACTIC GALACTIC |GALACTIC BULGE
DISK HALO
Highly flattened | Roughly Somewhat flattened and
spherical — elongated in the plane of
mildly the disk ("football shaped")
flattened
Contains both Contains old Contains both voung and
young and old stars only old stars; more old stars at
stars greater distances from the
center
Contains gas and | Contains no Contains gas and dust,
dust gas and dust especially in the inner
regions
Site of ongoing No star Ongoing star formation in
star formation formation the inner regions
during the last
10 billion
years
Gas and stars Stars have Stars have largely random
move in circular | random orbits | orbits but with some net
orbits in the in three rotation about the Galactic
Galactic plane dimensions center
Spiral arms No obvious Ring of gas and dust near
substructure center; Galactic nucleus

From Chaisson




Mostly disk...

A Bit of the
Galaxy Zoo

E—

!\_) Mostly spheroid

e Disk-bulge separtation
1s tricky and
influenced by
inclination angle and
dust and wavelength




Some Guidelines

Take a look a the solutions to the HW posted at
http://www .astro.umd.edu/~qw/astr421/index_.html

Some of you might not have noticed it.. there 1s
also additional material there

We will have the review after the class... hopefully
in this room, but if not possible in the astronomy
dept library.

Guidelines to exam: short answers may be better



e Composed of 3 Spirals
components

— disk
— bulge
— halo

e Bulge-oldish stars-tends to
be metal poor

e Disk - young stars

The disk contains a large
quantity of gas & dust, the
bulge essential none

Disks are cold
(rotationally supported)

Bulges are 'hot' supported
by random motions



* there 1s a major review article in Nature last week called"
Galaxy formation: The new Milky Way"

STELLAR HALD s
The Galaxy's sparse, faint halo of stars is r EE&’# Ealla:f. ]’ r :
URSA MAJOR I DARK-MATTER HALD

roughly spherical, some 200 kiloparsecs

across and only about 102 solar masses.

Stars in the outer halo are very old; those Dwarf galaxy. The Galaxy's largest component is roughly

in the inner halo are slightly younger. spherical, several hundred kiloparsecs across,
about 1012 times the mass of the Sun —

and completely invisible,

- o

DISK

This most photogenic part of the Galaxy
contains the spiral arms, is 30-40 kiloparsecs
across and about 5 * 101° solar masses.

WARF GALAXIES TR " — 7 THE SUN
The Large and Small . Py -

Magellanic Clouds

are the biggest known

dwarl galaxies, which

probably formed in the

denser clumps of the

dark-matter halo. About
two dozen are known,
including Segue 1,

Ursa Major Il and the
Sagittarius dwarf.

SAGITTARIUS STAR STREAM

The Sagittarius dwarf galaxy is being pulled apart
by the Milky Way's gravity, with its stars strung
out along its orbit. Many other streams from
long-dead dwarfs loop through the outer halo.

BUBBLES

Back-to-back jets of energy erupted from the
Galaxy's central black hole some 10 million
years ago, forming two bubbles of hot gas that
extend about 7,600 parsecs above and below
the galactic plane.

THE BIG PICTURE

Recent data are illuminating the Milky Way's
structure, including its bright disk and
the fainter features surrounding it.
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Simple Model of Why Galaxies
Have Disks

e A circular orbit has the lowest energy for an initial
angular momentum J- thus since angular
momentum 1s conserved, if the 1n falling gas loses

enerov (conl) will tend ta form a dick

" Iravrao T - .
o ¢ £~ cgalaxies have stellar disks

d J

eln a

Cooling




However In A Hierarchical universe
Things are More Complex

Gas Rich Mergers and Disk Galaxy Formation

Galaxy formation simulations created at the

N-body shop

pnarkeers o gparandnd oy gpead

Tom Quinn (University of Washington)
Chris Brook (University of Washington)

Simulation run on Columbia (MASA Advanced Supercomputing)

contact: fabiot astiro '.~.-:1:'—'.h|r1g1-:::-r1 edu




The Bi1g Picture
Two Populatior

* top panel color
distribution vs mass of
a large sample of local
galaxies from the

SDSS

Middle panel is the
morphologies that
dominate at each mass

bottom panel shows the
galaxy mass function
divided by color- the
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Summary of Tuesdays-Lecture
Spirals

e Components of Spirals
e bulge
e disk
e halo
— each has a different
stellar population, gas
content.

e Connection between
color, mass,
morphology for
galaxies as a whole.



Top Level Summary-Spirals

Galaxies have a wide variety of morphologies,
from spheroids , disks with and without bars and
irregular galaxies.

Their physical properties (e.g. gas content,
average stellar age, the rate of current star
formation, mass etc) correlate with morphology.

disks are predominantly rotationally flattened
structures

spheroids have shapes largely supported by
velocity dispersion.



The stellar mass integrated over
ALL galaxies lies mostly between

log M=10.5-114
In what galaxies does the stellar
mass lie?

— most massive galaxies are red
(ellipticals)

— at lower masses there i1s an
increasing ratio of spirals to
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Marphology/ Color and Mass

Q
H s.0f All galaxies o~ «7 .} Eory -
1 [ =
=) 25f ea 1X1€S
20f ]

A result of the 'Galaxy Z )0' project - -
eyeball = L Bt
classification of 10s of thousands [ i
of galaxies by citizen scientists

Combination of morphology, mass and | la}té | type (S) galaxiies
COl r 9.0 9.5 10.0 10.5 11.0 11.5 12.0

Spirals less massive, bluer at a given

mass (8 gipteakation of mass, color
and morphology Schawinski 2010

log mass
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The Hubble type of a
spiral correlates with

e bulge/disk luminosity

i ) 1 | | 1 1

Ratio of bulge to disk luminosity
L
L

ratio SO S0' Sa Sb Sc Sd Sm
e relative content of cool type
gas (HI) color vs morphological type
H : _ s | : I N N SR
* mass concentration SRR \
. Tk 8
 stellar population | 1
Vo R T
(how many young/old 5 Iy
stars) bt )
E 8¢ S0a Sa 3Isb Sb She Sod 32 Sm in
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Spirals @nielli€ ggo in log scale

cold gas poor

e The ISM of
spiral
galaxies 1s
quite
complex
and show
wide
variations
with
position

! |
pal N
LN L

Log(G/S,,,) - decreasing scale
»)

—k

e However
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Morphology (Sd Sa)

Total luminosity
decreases

M / Lg rises
M (HI) /M () T1S€S
Bulge / Disk decrease

Tightness of the spiral
arms decreases

Scale length drops

color reddens- star
formation history



"Where" Do Galaxies of a Given

Type Reside

* Inlow density regions
most of the galaxies
are spirals (blue line)

e As the density of
galaxies increases the
fraction which are
SO(black) and E (red)
increase dramatically-
this reaches 1t limit in
massive clusters of
galaxies whose cores

FRACTION OF POPULATION
i [ y [ o N

Dressler (1980) "

e
L




e the relative number and

mass fraction of each 'type’ H()W Many ()f

of galaxy depends on the « 99
environment Which?’
* the Tuminosity function' = o T ow e

3 local field

(the number of galaxies per
unit luminosity per unit
volume) vs absolute
magnitude.

log (M)

 this does not represent the
mass function since the
relationship between mass
and luminosity (M/L)is a
complex function of galaxy

properties Binggeli, Sandage, and Tammann 1988

log (M)




e Distributi
on of red
and blue
galaxies
out to z-
0.15 from
the SDSS
(M.
Blanton)

e Notice
that red
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e The combined
luminosity
function of all
galaxies 1s
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at high L. where objects are rare



Red and Blue Luminosity

Functions

Despite differences in populations the
y . -

Loveday et al 2012 ]

-18

-16

" M=5logh

-14 ~12

-10



Red and Blue are not exactly
Elliptical and Splral

e With the galaxy zoo

=

one can get the
morphology and color

8/,

0.1

-2 00

of the galaxies.

e Cresswell (2011)
shows the luminosity
function of red, blue,
elliptical and spiral

-4

logyy ®(Ms:, , 2=0.1)

L '_: red .. -
o
L~
1 S
.
L 4

early-type
spiral

-8

blue .. -

and the relative e e T
Mo — Slog,nh

numbers of each class

vs absolute magnitude.



have cold gas and dust

present day star formation

many have internal structure (spiral arms aIS 1)]: als
a bulge and disk (large range in relative importance)

host radio quiet AGN

are more frequent in lower density environments

appearance of galaxy can change radically depending on the
'stretch’

x-ray luminosity is dominated by binaries

MGC 4584--Hubble Heritage
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and Disks

* In spiral galaxies

— the stars in the disk
have lots of angular
momentum and a
wide variety of ages.

— stars 1n the bulge
tend to be old, have
little angular
momentum and have
low metallicity™

e (olobular clusters

«* while superficially elliptical
galaxies 'look like' bulges their
stars are frequently metal rich,
not metal poor.



Descriptions of Gala & .
Surface Bright | |

* For most massive galaxies a
two component description of

log Surface Brightness

the surface brightness is a S\
reasonable approximation to og Radi
the azimuthally averaged data
— — Bulges/spheroids [=2r f I I(R)RdR = aml (3") LR,
— — Disks : W
e The ratio of these t.wo total luminosity of
components has wide Sersic profile- T is
variation the gamma function



Stellar S (r) = Bpe e/ =1

. . . r~ 2n — 0.331
DlStrlbU.thn‘ Sersic(1968) profile S+G eq 3.13

radial average

: . More massive galaxies have
* Massive galaxies

: .. .ahigher fraction of their light (mass)
(spirals and ?lhptlcal%ﬁ the bulge (and by defintion 'earlier’

can b%deseﬂbeyd%lgy aype
2'-<cpmponent ragdial

profile model:
= «disk; n~1 ~ +_. E
= <bulge; D:2-5 (n44 for = & n=1 diské
o -giant ellipticals | g E

g,

fraction of luminosity in disk

2 1 . 1 1 L s 1 1 1 1 X Pl

-

o= Spirpls
g B

—_= =4 8

2O
T

absolute mag



Azimuthally Averaged Light
Profiles

* Bulge is more concentrated than the disk:

NGC 4459 o lOgI XX Rl 4 (inner ) 3

g B e

o I(R) = Ipe™ ®" (outer)

o Is the inverse
scale height

(Freeman 1970)

This is an approximation, galaxies with strong bars or other non-azimuthally
symmetric features will clearly change this
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What's Important So Far

* The class of galaxies called spirals (based on
morphology in the optical)

has a set of strongly correlated properties (mass,
star formation, dust, gas, color) - so there 1s
physics in morphology
The big bifurcation between color, mass,
morphology classification by color,mass,
morphology gives similar but NOT 1identical
results

— At one lower level (e.g sub-divisions in morphology
(Sa,Sb,Sc etc) there are also trends.



Summary of Surface Brightness
Protiles

* Most galaxies can be well fit with
the Sersic profile, spirals have lower
values of 'n' for the disk and 2

components to the profile (bulge,
disk)

— Sersic profile 2 asymptotic forms

* low n ~exponential:I(R)=I(0)(exp-[(R/R)]
where R} 1s the disk scale length
I(R)=(1/e)I(0); total fluxI, =2mR?1(0)

* high n - R"* profile
— deVacouleurs profile I(R)=I(R,)(exp-
7.67[(R/R,)V*-1]))



Spirals- Disk Components

e Stellar bars are SDSS (NYU Catalog)
common

— Often only
recognized in near-

IR 1mages (less dust)

— Consequence of disk - \ A
instability K-band (2.2p)

— Effective means
of angular momentum
transport

‘e b
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Galaxy spectra

* (alaxies have composite spectra. They integrate

contributions from different s -
I T . continuum mostly from stars

T
red galaxies

Lt A T o TP ...u\-_-m‘.—'ﬂi-n.\._»d_,_ i) e

A Moy e s T
e e .""““-‘._ﬁ"r‘\r-,v\r-'\u_u“*"'! L | N s — i ™
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Wﬁmrmpﬂ'w“mw "

Lt I
N Al | | __red galaxies
' line emission from gas
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‘Wﬂ ue galaxies ‘
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Figure 12: Composite spectra of the refined colour classes as described in Sec. 3.4, The curves are colour-coded from blue (top) to red (bottom) based
on the g — v colour of the galaxies. Sece the online edition for a colour version of this ploc.



Galaxy spectra

e Sequence of ages of a composite SSP
population (star forming-spiral population)

* bulges are dominated by stellar absorption
linec and have little "Thine!' lioht

F, [ADU]

1 1 1 1 1
4000.0 50000 6000.0 T000.0 S000.0

young)

A [A]

Fy [ADU]

0.0

1 1 1 1 1
4000.0 5000.0 6000.0 T000.0 S000.0
A[A]



logvF, (ergs)

Galaxy Spectra -1R

e At A>5u in most spiral e N T T
galaxies continuum -
dominated by emission
from dust -there are

=

...... atomic-and-malecilar
410 Tl ORRCaARGMOICCHiar—

= NGC 6240 g

= features as well ;
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B 10 10* 107
420 =
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M0F ight - -

_ temperature to which R is Cyan=stars
400f heated deperds on E Green= dust heated by hot stars
ook geometry and the naturef | Red dust heated by other stars
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* Extensive galaxy surveys have allowed the measurement of
the tofl pergryeRedeaseldoBazdaataxies the
UV-far IR spectrum 1.3x103% W/Mpc3(Driver 20120; 35-45¢
of energy generated by stars 1s absorbed by dust and re-
radiated 1n IR- this occurs predominately in spirals

LI I I L L I I L I I I L
10% Energy released into the IGM at z=0 E
C —Spheroids ___Discs ___ Total 3

)
3

€%s (h W Mpc-3)

—
o
€3
[5=]

Herschel Bourne et al (2011)

1 1 11 111 1 111 I 1L I3l 11
0.1 1 10 100 1000
Wavelength (microns)




Composition of Average Spiral

o Stars ~80% of mass

— DISK ~80% of stars
— BULGE ~20% of stars

* Gas ~20% of mass
— atomic gas (“H I””) ~2/3 of gas
— molecular gas (H2) ~1/3 of gas
— hot, 1onized gas (“H II")

* Dust

— between stars
— mostly 1n spiral arms & molecular clouds

© 0 S o e g > P . Wiy




Reminder of Big Picture

e Disks:
Metal rich stars and ISM

Nearly circular orbits with little (~5%) random
motion & spiral patterns

Both thin and thick components

 Bulge:

Wide range of metals poor to super-rich stars (only
in nuclear regions)

* V(rot)/o ~ 1, so dispersion (random velocity-hot
systems) support important.
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review lectures 1-3

Relationship of ‘class' (e.g. S0,Sa,Sb..) to physical
properties -

Correlations of surface brightness, size, color,
star formation etc etc

'Later' types, lower mass, more of baryons in gas,
higher specific star formation rates (today):

Sa -> Sb -> Sc -> Sd in order of decreasing bulge
S1Z€.

Patterns

— More luminous galaxies have larger V.

T 1° TTY 11 1 4 1 * 4 4 r 4 r 41



Gas Motions

e If there 1s a well
defined disk,
inclined at some
angle 1 to the
plane of the sky
and rotating
perpendicular to
this angle (fig
5.18 1n text)

e 2 sets of
coordinates

A :: } lI1\I B P ";ﬂ\ o
Y

Fig. 5.18. Left, arotating disk viewed from above. Azimuth ¢, measured in the disk plane,
gives a star's position in its orbit; an observer looks from above the disk, perpendicular
to diameter AB. Right, the observer’s line of sight makes angle ¢ with the disk’s rotation

axis 7.

contours of constant v_, velocity pattern disk
observed at 1=30
negative velocities ----
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e Spirals have ;
large HI disks
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Physics of 21cm Line

* Hydrogen is the most abundant element 1n the
ISM, but the symmetric H, molecule has no
dipole moment and hence does not emit a spectral
line at radio frequencies. But it 1s detectable in the
21 cm (A=1420.405751 MHz) hyperfine line a

trans1t10n between two energy levels due to the

I 1zed

el $ * lative spins
Clone » =21 e proton is crmteect wnen ene spins s rorm paratien o smeiparanes NOTONN 18

emitted. Collisions excite the hne.

e The equilibrium temperature of cool interstellar HI



Gas Motions- continued

e Circular disk tilted by

an angle 1, projects to
an ellipse

e What to look for 1n the
'spider’ plot

— Kinematic major axis -
line through nucleus
perpendicular to

velocity contours-
should be aligned to
photometric axis if
mass 1s traced by light



Gas Motions

e This 1s what 1s seen in
real' galaxies in the
motion of HI(fig 5.13
S=G)

e ¢.g spider diagram 1s
'A diagram that gives
the equations for lines
of constant radial
velocities as seen for a
rotating galaxy
inclined to the




Optical Image and Velocity Field
of NGC5033

hydrogen velocity



Spirals and
Dark Matter

Rotation-curve decomposition -
primary tool for measuring the
distribution of dark matter in
spiral galaxy halos, but
uncertainties in the mass-to-
light ratio of the luminous disk
and bulge make accurate
estimates difficult (IMF-mass
degeneracy)

Disk-halo conspiracy- there is
no 'feature' in the rotation curve
indicating where dark matter
starts to dominate- smooth
transition!

Bershady et al

Hernquist halo
150 B T T [ T T

L/
50 H

M/L = 3.2 M/L = 0.36
T 1T —1 ] 1T 1 1]

-

gas

Oh.lllll.ll]l‘ y -
0 20 40 60 0 20

Solufion ¥’ that disk§'Have

less mass than the maximum
allowed by IMF, colors-

At the radius where the velocity
curve flattens ~15-30% of the
mass 1s in baryons

Build your own rotation curve (!)
http://burro.astr.cwru.edu/Javal_ab
/RotcurveWeb/main.html




Bulge Scaling Relations

* The properties of the

bulges of lenticulars
follow closely the &
relations obeyed by Esﬁ%D
* Dwarfs have ditferent &

bulges (large n values,
scale lengths and
higher surface
brightness)

e The more luminous
bulges of all Hubble

Sur

ellipticals

log scale length
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MBW- sec 5.5.2 in S+G)

e Defining feature of spiral galaxies
- what causes them? Howexir this ig N>OT SOLELY
mos hY sPiralgataxies-have-spiral

(From P. Armitage)

arms- they would wrap

* Observational clues up into a tight spiral in time

Seen in disks that contain gas, but scale AR/R=2xnR/vt

not in gas poor SO galaxy disks. putting in values near the sun

: : _ -1

e Defined by blue light from hot AR/R=0.25 (t/Gyr)

massive stars. Lifetime is << €.g. The Winding Problem

galactlc rotation p eriod. If arms were "fixed" w.r.t. the disk
When the sense of the galactic With flat rotation (V ~ const), inner parts

rotation is known. the spiral arms rotate many times compared to outer

] . parts

almost always trail the rotation. E.g. for one rotation at R, two rotations at

e First ingredient for producing R/2,four at R/4, 8 at R/8.

: : . . . This leads to very tightly wound arms.
spiral arms is differential rotation. y Hehtly



Winding?

* Angular frequency
w=V_/R- spirals have
flat rotation curve V =
constant Flat rotation curve: v = const; €2 = vir; 2 = vie? dr

Now,p=Qxt, sodp=dQ xt=v/r2drt
Sotany =dr/rdp =dr/ [(v/r)drt] =r/vt=1/Qt = 1/¢

dw/dr=v/r? angle ¢=mt [ =r/vi= 1]
dp=tdow=v/r* tdr

so tany=dr/r dp=r/vt=1/¢

pitch angle,y , steadily

decreases as the

pattern rotates- after 1
rotation tanw=1/2n

M. Whittle's web site



Spiral Arms

e 'Visually' spiral arms
are associlated with
star
formation/molecular
gas.

e How to describe: if the
arms are 'sinusoidal’
2(R,p)=2,(R)+Z,(R)co
s[mq)+f(r)] MBW, fig 11.3)

e {(r) shape function of
the spiral- if spiral is




Spiral Density W ayesiadgyeionora

ensity wave requires an instability.

POS S 1ble Argsswl%piz of the stars and / or the

* Properties of spiral arms can

be explained if they are
continuously generated and
destroyed

density waves provide the
perturbation which gets sheared :

Spiral arms are where the stellar

orbits are such that stars are more
densely packed-waves of
compression that move around
the galaxy

Gas 1s also compressed, triggering

ctar farmatinn and yrniina otarc

vide this.

Simplest case to consider is gas.
Imagine a small perturbation

which slightly compresses part of
the disk:

e Self-gravity of the compressed
clump will tend to compress it
further.

e Extra pressure will resist
compression. If the disk is massive
(strong self-gravity) and cold (less
pressure support) first effect wins
and develop spiral wave pattern.



Spiral Arm Formation

e Its actually best to say
that the fundamental
cause of spiral arm
formation 1s not well
understood.

* In this movie spiral
arms are formed due
to a merger
(http://www .nature.co
m/news/galaxy-
formation-the-new-

The Eris N-body simulation of a massive late-type
spiral galaxy in a WMAP3 cosmology (Guedes,

Callegari, Madau, & Mayer 201 |. The simulation was
performed with the GASOLINE code on NASA’s
Pleiades supercomputer and used 1.5 million cpu
hours.

Myir=7.9 x 10! Mgyn

NDM+Ngas+N5tar=7M+3M+8.6M Within the ﬁnal Rvir
force resolution=120 pc¢

RESEARCH FUNDED BY NASA, NSF AND SNF
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