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Beauty in Rotation!

air NGC 3314
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Why study disks?

e Disks are thought to be inherently fragile. If so, how did a violent
universe of hierarchical mergers produce a local galaxy population
greatly dominated by disks?

e Why do galaxies rotate? How do they acquire angular momentum?

Why do disks and dark matter haloes do not seem to exchange
angular momentum?

e What did the first disks look like? Are they large? Are they cold? Is
mass assembly efficient enough in the early Universe?

e They are beautiful!!
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e Photometric properties

e Kinematics/dynamics

e Scaling Relations

e Formation Models

e Disks at high redshifts




[ ] [ ]
Herzberg Institute
of Astrophysics

Photometric Properties
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Disk radial profile follows:

Y(r) = Ypexp(—r/rq)

The total disk luminosity is obtained by integrating

27 o0
Lo = 277/ / Yo exp(—r/rq)rdrdf
o Jo

which gives

Ltot — 271'7“32()
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: _ _ Disk central
Disk radial profile follows: < urface

—7“ /frd) brightness

The total disk luminosity is obtained by integrating

27 o0
Lo = 277/ / Yo exp(—r/rq)rdrdf
o Jo

which gives

Ltot — 271’7“32()
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Disk radial profile follows:

Disk scale length
2 ( ) EO GXp ‘ (——— (often simply called

“size”)

The total disk luminosity is obtained by integrating

27 o0
Lo = 277/ / Yo exp(—r/rq)rdrdf
o Jo

which gives

Ltot — 271’7“32()
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Disk radial profile follows:

Y(r) = Ypexp(—r/rq)

The total disk luminosity is obtained by integrating

27
A 27?/ /0 exp(—r/rq)rdrdf
o Jo

which gives

Infinite disks are not

Ltot — 27'('7“320 real of course!
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Fig. 3.— FUV-NIR imagery and classification contours for XUV-
disk galaxy NGC 5055 (M63), a prototype for our Type 1 class.
On the left we show the GALEX FUV image of the galaxy. On the
right we show the 2MASS $K_{s}$ -band, DSS2-red, and DSS2-
blue imaging (as RGB channels) for an identical field of view

( $3D_{25}=37.5"\prime }=89.4% kpc at 8.2 Mpc). Contours are
the same on both images. At the green line, the FUV surface
brightness (corrected for Galactic foreground extinction and
measured at 1 kpc resolution) is $imu _{\mathrm{F}\,\mathrm
{UV}\,}=27.25% AB mag arcsec-2. This is the position at which
(apparent?) star formation threshold mechanisms are thought to
become important. The yellow contour encloses 80% of the $K_
{s}$ -band luminosity of the galaxy, defining the effective extent
for the old stellar population. Note the structured UV-bright
emission features beyond the green (UV) contour, which give this
galaxy the Type 1 XUV-disk designation.

Extended UV Disks

(Thilker et al.
2007)

Fig. 4.— FUV-NIR imagery and classification contours for
Type 2 XUV-disk galaxy NGC 2090. We observe a rather
large blue LSB zone, which dominates the spatial extent
of the galaxy despite being of low (optical) surface
brightness. The image passbands and contour types are
identical to those of Fig. 3. The field of view spans $3D_
{25}=12.9"\prime }=42.4% kpc at 11.3 Mpc.
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NGC 5300 (SABc) | — NGC 2987 (SAc)

NGC 27768 (SABc) . \
I Type I1.o-CT 1 "L Type llI-d

[mag arcsec=
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r.e
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| i | | | 1
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Figure 1.  The three main disk types: Typel, Typell, and TypelIll (from
left to right). Azimuthally averaged, radial SDSS surface brightness profiles
in the ¢'- (triangles) and r’-band (circles) overlaid by r’-band exponential fits
to the individual regions: single disk; inner and outer disk.

(Pohlen et al. 2008, ASP Conf. Series, Vol. 390, 247)
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B-band central
surface brightness
of disks is constant

us(0) ~ 21.65 mag/
arcsec?

(Freeman 1970)
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P “Freeman’s Law” For
Galaxy Disks

Disk luminosity
and size are
correlated

(Freeman 1970)
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BPY”  sDSS Disk Luminosity-
___ Size Relation

Disk
surface
brightness
IS not
constant
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Z==2NY”  SDSS Disk Luminosity-
Size Relation

(Simard 2008,
ApJ, in prep.)

—21

—19

MB,disk

: on: VoL R (O IS
With survey volume correction: V.- ;- [dse.0) | e A
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Disk Size Function

[ —22.0 £ Mp g < —215
E N = 6704

T —215 < Mg < —21.0
¥ N = 16353

-21.0 £ My gy < —20.5
N = 22481

-205 £ Mg g < —20.0
N = 21552

1074

[ —20.0 £ Mg g < —195
E N = 18115

1078

T -195 £ Mg g < —19.0
¥ N = 13906

-18.5 £ My g < —18.0
N = 6755

log Ry (kpe)

log Ry (kpe)

log Ry (kpe)

log Ry (kpe)

115,000 disks
in SDSS

(Simard 2008,
ApJ, in prep.)
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Are Disks Circular?

First compute distribution of apparent axial ratios using:

1—e 1/2
o _ 2 2\1/2
Qam:(l_l_e) 6:(6++6X)/

600

12,000 galaxies
in SDSS

(Ryden 2005,
ApdJ, 601 214)

| | I ] | | | ] | | | ]
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Assume disk thickness follows a Gaussian distribution:

fcv)ocexp[__Cv—-uv)2]

2
2(77

Assume disk ellipticity follows a lognormal distribution:

1 P}Mf—ufl

f(e) x P 53

Pick values for (py, oy, M and o), compute resulting
apparent axial ratio, repeat to build a distribution and
compare with observed distribution. Repeat. Best values:

py =0.222 o0, =0.057 pu=-18 o0 =0.89
= c(mode, median, mean) = (0.071,0.16,0.21)




L 9>  Vertical Disk Profile

Consider the luminosity density of 3D disk of the form:

L(R,z) = Loe_R/hRf(z) (Yoachim &
Dalcanton

2006, AJ, 131,
f(z) = sech?/V (Nz/z0) 226)

where N = 1 for a self-gravitating, isothermal sheet. For
N oo,

f(z) ~x e ?/ P where h, = 20/2

N = 2 seems to reproduce real disks (van der Kruit 1988).
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Thin and Thick Disks

A MW young thin
v MW old thin
m MW old thick

(Yoachim &
Dalcanton
2006)

1000 ¢ J,

.

Zo,hick (PC)

100 100

50 100 150 200 250 50 100 150 200 250
Circular Velocity (km s™) Circular Velocity (km s™)

e Major mergers?
e Stochastic heating?

e Accretion?

Circular Velocity (km s™)



A& = A ®

Herzberg Institute

of Astrophysics

Mixed Disks
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i

Thick Disks Form
Through Accretion?

Mixed Disks
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Mixed Disks
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Diversity of
thick disk
kinematics
below

Ve =120 km/s

V.=
120 km/s

(Yoachim & Dalcanton
2006)




o Astophysis v How Can Thin Disks
___ Even Exist?

An interesting question (Toth & Ostriker 1992, ApJ,
389, 5):

Given the thinness and coldness of disks, what

kind of limit does this put on the current rate of
infall of satellites onto spiral galaxies?

Answer: No more than 4% of the mass inside the
solar radius can have been accreted within the last
5 Gyrs (expect > 28% in Q =1)

THIS CANNOT BE RIGHT! What is the solution?
(An open universe with A is part of the answer ...)
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How Can Thin Disks
Even Exist?

B/T=0.10
Radial Orbits

———— ——— - 20 >

Satellites come in on radial
orbits — efficient angular
momentum shedding + mass
stripping —

AH o (Msat/Mais)”

and not the TO92 regime of

AH (Msat/Mdz'sk)

(Hopkins et al. 2008, astro-ph/0806.2861)
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s T2ip Optical-neariR
| colors +
Bruzual-
Charlot Stellar
Population

— Models

SO = Type < Sb Sb = Type < 5c

i

57,/ it (Bell & de Jong
T R 2000, MNRAS,

Calib, Inner Quiter Calib. Inner

Sc s Type < Sd Sd s Type < Irr 312 497)
I s K o e e PR L)
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(Bell & de Jong 2001, ApJ, 550, 212)

b Z = 0.05
aT= 0.1
Z =002
o ;
Z = 0.008 7/
Z = 0004 7

z/r

[z = 00004 |

¢

log,,(M/L;)

7 = 0.0004 Z = 0.0004
| ! ? r"“-\.\ |"“\.
Gas fraction 0.6 1 5 A S Z = 0.004 N Z = 0,004
| _ of - . Z =%.008 02 4 : ?Z = 0.908 p.oz
— 7~ Z = 0.05 ) Jr—_ 2 =005
F= 0.1 4 ! g z 7= 01
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TR |

log,,(M/Ly)

| L L
| I T N N S

. ) . 12 14 16 0.5 1 1:5 2 1 1.5 2 2.5
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B-band (open) and K-band Sing_le_ metallicity, exponentially
(open) declining star formation rate and
Salpeter IMF




Age (Gyr)

- y Metallicity Trends

Thin Disk
Thick Disk

Age (Gyr)

60 80 100 120 140
V_(kms™)

Age and metallicity from
Lick indices

(Yoachim & Dalcanton 2008,
ApJ, 683, 707)

In the mldplane (thln dlsk)

FBSZTD-I-ML br - -
Fc"SETD

A
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Dotted line =
full sample

Solid line = B/T
cut

(Driver et al.
2007, MNRAS,
379, 1022)
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Internal Absorption in
Late-Type Disks

Disk (B/T < 0.3) Luminosity—Size versus Disk b/a

10

lolm(nd) (kpc)

Ma(b/a) = Mqa(1) + (2.5)(0.6)log1o(b/a)

Ra(b/a) = Rq(1)/[1.0-(0.2)log1o(b/a)]
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Internal Absorption in
Early-Type Disks

Disk (B/T > 0.5) Luminosity—Size versus Disk b/a Disk (B/T > 0.5) Luminosity—Size versus Disk b/a

10
10

l°¢1o(R¢) (kpc)
l°¢1o(R¢) (kpc)

B/T > 0.5

10

lolm(Ra) (kpc)

‘x\ SoSB Ma(bla) = Ma(1) + (2.5)(0.0)logro(bla)

Ra(b/a) = Rq(1)/[1.0-(0.0)log1o(b/a)]
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17879 SDSS galaxies, 0 <= b/a <= 0.25 38963 SDSS galaxies, 0.25 < b/a <= 0.50

1
1

|°91o(R.) (kpc)
logy(Ry) (kpc)

0
0

74500 SDSS galaxies, 0.50 < b/a <= 0.75 88365 SDSS galaxies, 0.75 < b/a <= 1.00

1
1

|°91o(R.) (kpc)
logyo(R) (kpc)

0
0

(Simard 2008, in prep.)
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Cold disks are
very unstable

Disks with
large radial

BARrR FRACTION IN THE H BAND AND OPTICAL CATALOGS Ve I OC Ity

H BavD RC3 CAG dispersion are

BAR CLASS Fraction (%)  Number Fraction (%) Number Fraction (%) Number i mmune to
@ 3) @) ©) (6) (7)

56 105 35 65 27 44 ba rs

16 30 30 56 4 6

73 135 65 121 30 50
27 51 35 65 70 116

44 81 66 121 74 122 Bars are
transient
Eskridge et al. 2000, AJ, 119, phenomena
536
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Bulge Formation

(Norman et al.
2006, ApJ, 462,
114)

=

Gas is funneled to the center of the disk, it triggers a
starburst, forms a bulge. Once bulge is formed, stars on
radial orbits in the bar scatter off and bar dissolves.
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Evolving halo
due to cosmic
infall creates
different
torques on
inner and outer
disks

(Shen &
Sellwood 2006,
MNRAS, 370, 2)

Figure 2. (a) The warp at t = 400 in our simulation; its morphology closely
resembles the observed H 1 warp of NGC 4013 (reproduced with permission
Bottema 1996) shown in (b). The length unit shown is the scalelength R4 of
the exponential disc. Note that, we have oriented the model so that the inner
(R < 3Ry) disc lies in the x—y plane, which is perpendicular to the paper.
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Age
determination
based on white
dwarf cooling
seqguence

e
.
Q
o))
(o)
O
&}

(Hansen et al.
2007, ApJ, 671,
380)
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Kinematics / Dynamics
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Observations

e Challenges
— Sensitivity
— Spatial coverage
— Spatial resolution (“beamwidth”)
— Spectral resolution

e Optical

— Slitless

— Slit Spectroscopy
* Long (minor/major axis, drift-scan)
e Multi

— Integral Field Spectroscopy
* Fabry-Perot
* Fiber bundles

* Image slicers
* Radio
— Single dish
— Interferometry
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Assumed true
velocity curve

Example of an observational

[=]

Velocity (arb. unit)

challenge :

g

The subtle effects of beamwidth

Observed P-V
diagram in CO

smearing

Velocity (arb. unit)
(=]

g

Sofue & Rubin
2001, ARAA, 39, 137

Observed P-V
diagram in HIl

Velocity (arb. unit)
o

Resolution O

0 30 38
Longitude (arb. unit)
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e Optical

— Emission-lines (gaseous)
« [Oll] 3727,3729
« Hb 4861
« [OIlll] 4959,5007
+ Ha 6562
« NI

— Absorption-line (stellar)
* Mg triplet 5167,5173,5184
* G-band 4300
« Catriplet 8498, 8542, 8662
« CaH+K3934, 3968

— Planetary nebulae ([OIlll] 5007)

e Radio
— Neutral hydrogen (HI)

— Carbon Monoxide (CO)
— SiO, OH and H,0 Masers in circumstellar envelopes
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Internal Kinematics -
Tracers

Ha emission line
(high spatial resolution)

Lo 52m 16s 10h 5&m 1= 10n 52m 06e
alpha (Z000)

| e
ik,

ugc 5982

#**tié***

o

ttt#i SORCLIE

GHASP Survey
Garrido et al. 2002, A+A, 387, 821

40
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Mrlas - Ca H and K lines
REF-GV (Stellar velocity

0% G-K III
dispersion)

-

iy
%

j HeI/NeIII|

e
]|
=l
e
ol
U
™
a—
pos
|
=
e
2
-

Kobulnicky & Gebhardt
2P0 2002, AJ, 119, 1608

Wavelength (&)
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Dec (1950)

B

10
Radius (kpc)

Internal Kinematics -
Tracers

Carbon Monoxide (CO)

“arctan velocity field”

(Think ALMA ...)

Sofue et al.
1999, ApJ, 523, 136

43
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Tracer Comparison

Young et al. g
Sage et al. HI versus CO
Braine et al.
Lavezzi and Dickey 4 H
Kenney and Young ’ (atO MIC versus
Nishiyama et al.

Tacconi et al. mOIQCUIar)

Tutui & Sofue
1999, A&A, 351, 467
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Tracer Comparison

e ""I"'/'E":

. [Oll] versus HI
(very different
spatial

resolutions)

(km/s)

s
8
=
5
=

50 100 150 200
Voax(H I) sin i (km/s)

Kobulnicky & Gebhardt
2002, AJ, 119, 1608

V ., HI) sini (km/s)

100 150 200 250 45
V. . ([0 1I]) sini (km/s)
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of Astrophysics Inte rnal Ki nematics -
Types of Motion

* Basic components (“Easier to measure”)
— Rotation (V. or V,,)
— Dispersion (o)

e Peculiar motions (“Hard to measure”)
— Massive black holes and circumnuclear rotation
— Counter-rotation
* Nuclear disks
 Extended disks
 Decoupled cores
Resonance rings
Lopsided gas
Bars, warps, supershells
Interactions and mergers
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of Astrophysics < Internal Kinematics -
Rotation Curves

The outer parts of
disk galaxy rotation
curves are “flat”, i.e.,
M(r) ar

A R One of the best pieces
of evidence

for the existence of
dark matter

NGC 300

Kent 1987, AJ, 93,
816
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Degeneracy

1 Ll T LI '| T 1 1 LI 1 T 1 T T '| J T ! T 1 T 1 I T 1 1 T Ll T 1 U L) l I L) I I I 1 T T Ll | T T L

NGC 3198 NGC 3198

N T -

Mass
decompositions

are degenerate

||||}|||'I

=

L1 1 1 I 1 L 1 L I L1 i ]

Are disks
“maximal”?

PR ST TN BN T T T T N T N PR SRTR S T R T S T N (N SO N S S N S A
20 ) 30 40 10 20 30 40
Radius (kpe) Radius (kpc)

T 1 T 1 I 1 T 1 T I T T T T 1 LI Ll 1 I L 1 L

10

g
)

_ITI'IIIIII|IIII|IIT|‘||||

NGC 3188 NGC 3198

LI | L | I LI | T T

hale only

Vy (km/s)

van Albada et al.
1985, ApJ, 295, 305

i I L1 1 L I L L1 L I L1 1 1

-

|.|_|.||IIIIIII_|_|IIIII
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of Astrophysics _ ROtati o n C u rveS -
Cores

Can rotation curves help us determine the shape of
dark matter halos?

Po
[c + (?‘frﬂ]"’][l + {r;;_,.ﬂ}a]m—ﬂlam .

p(r) =

where p, and r, are characteristic density and radius. The constant

c forces the presence of a flat core. The parameters, a, 8, and v,
determine the shape of the halo profile.

Four different models for (c, a, B, y):

1. Pseudo-isothermal sphere (1, a !1=0, 2, 2)
2. Navarro-Frenk-White (0, 1, 3, 1)

3. Burkert (1, 2, 3,1)

4. Klypin et al. (0, 2, 3, 0.2)
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of Astrophysics _ Rotation Curves -
Cores

radine (log(r/v, )

Pseudo-isothermal (solid)
Klypin (dotted)
Burkert (long-dashed)

NFW (short-dashed)
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Rotation Curves -
Cores

Very inhomogenous
emission-line gas
distribution

Slit observations are not
adequate

Use Integral Field
Spectroscopy

Blais-Ouellette et al.
2001, AJ, 121, 1952
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Rotation Curves -
Cores

“n
£
=
o
=
3
£
v
=

200 | 400 600 800 1000
radius (arcsec)

Blais-Ouellette et al. 2001, AJ, 121, 1952
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/ Cores

radius (kpc)
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& I | Istars |
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Blais-Ouellette et al. 2001, AJ, 121, 1952




Herzberg Institute

of Astrophysics _ Rotation Curves -
Cores

NGC B0bb

“Cuspy”
profiles

NGC 2403

HH

@
&d w©
— =
«o
UCD
U U
Ze D

Z

UG|/2
|

IC 254
HH

NGC 3199
o

N
-

Figure 3. Inner logarithmic slope () of the CDM halos. Note that
N-body simulations give v > 1.

Blais-Ouellette et al. 2002, astro-ph1020314r’é




LT Velocity Fields - Cores

Dec.(J2000)
[++]
ol
(=]

50:00:00.0

49:59:30.0

L M M M i 1 L i i
280 260 24.0 22.08:19:20.0180 180 140 120
R.A.(J2000)

More mass in the core of

NFW profiles than
allowed in full 2D IFU

velocity fields

95

Kuzio de Naray et al. 2008, ApJ, 676, 920
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of Astrophysics _ S ca I i n g Re I at i O n S

e Galaxies have a fundamental set of physical properties
— Mass
— Size
— Angular momentum

e These physical properties translate into observables
— Luminosity or mass-to-light ratio
— Velocity (rotation and/or dispersion)
— Size
- Half-light radius (R,, or R,)
- Disk scale length (R, or h)

e Basic questions : What are the underlying relations (if any)

among galaxy properties and what do they tell us about
agalaxy formation? 57
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Scaling Relations -
Observables

e Luminosity
— Integrated
— Disk-only (model dependent)
— Choice of bandpass
e Velocity
— Integrated?
— Rotation curve: where do you measure V_ ?
* Peak
* Flat region
- Intermediate radius (~ 2.2 R,)
e Size
— Half-light radius
— Disk scale length (model dependent)
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' Tully-Fisher Relation -
History

e Opik (1922) : Assume all spiral nebulae have same M/L =>
distance to M31 of 450 kpc (!!!)
— (We know V2 = GM/R. Assume L ~ R?, then L « V4)

 Hubble (1936) : Failed to recognize use as a distance indicator

* Roberts (1962)

e Balkowski et al. (1974) : HI width is correlated with luminosity

e Tully & Fisher (1977): Hey! Please use correlation as a

distance indicator!!! 59
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Tully-Fisher Relation -
History

® |ocal calibrators -
O Virgo cluster if pp=31.'45

Tully & Fisher
1977, A&A, 54, 66

| | | | | 60
100 km/s 200 km/s 400 km /s 700 km/s

LOG AV(o)
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3.0

Tully-Fisher Relation -
Modern Version

2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2

« T1 (Sa)

- T3 (Sh)

- T4 (She)
+TH [Se)

= T6 (Sed)
+ T7 (Sd)

< T8 (Sdm)

L I 1 I 1 I L I 1 I 1 I | I 1 I 1 I 1

1.0
-24.0

-22.0

-20.0 -18.0
M, -5logh

-16.0

-14.0

Simard & Pritchet
1998, ApJ, 505, 96

Using data for
1355 galaxies
from Mathewson
et al. 1992, ApJS,
81,413
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Tully-Fisher Relation -
Biases and Corrections

e Inclination measurements from direct optical images
— Disks may not be circular (q, = 0.11- 0.20)

— Disks may not have constant ellipticity [ = cos™
— Disks are not infinitely thin (+seeing)

. [(b/a) —q5
l—qf

o Spectral resolution : W2 = W2, + W2

e Internal extinction AN =, lag(ﬁ) .

l

b

 Turbulence (HI) Wa =W3 + W2 —2W, W (1 o Wal I-I{_?)

A _mclojrel 9
—2Wre /e 4 4wy

dwarf *

e Malmquist bias
62
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e Tully-Fisher Relation -
Slope

Slope steepens
towards redder
bandpasses (real?)

Lo s 4 L ] Jacobyetal
EE S IR A 1 k 1992, PASP, 104, 599
63

nn ] | Lieedoualinsl ] | [

il e b by v B b L e b Lo g g L g 'l N N N T e
18 20 22 24 26 28 18 20 22 24 26 28 18 20 22 24 26 28 18 20 22 24 28 28 10

log Wy




Herzberg Institute
of Astrophysics

Tully-Fisher Relation -
Slope

[Ty
:Hf—-sumpl
- B

e

41

N I -

3" nar17

T 1 N T O N T Y Y I

“Pruning”

Verheijen 2001
ApJ, 563, 694
64
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Tully-Fisher Relation -
Scatter
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. Courteau-se
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| method 1

[ slopey, . 6.5
biwt = 0.63 mag
[ Opea = 0.47 mag
[ Oaqre= 0.64 mag
Caipis = 0.77 mag

My’ (Courteau extinction corr.)

. MFB-selected sample

-1.0 -0.

My’ (Tully et al 98 extinction corr.)

5 0.0

Log(2*V,)) - 2.5

Tully-Fisher Relation -

Scatter

Courteau-selected sample

| method 2

I slope,, ; -8.5

biwt = 0.27 mag

[ Opea = 0.41 mag
| Oaorg = 0.28 mag
O s = 0.28 mag

r <o peculiar

-1.0

I slope,, . -10.2

. MFB-selected sample
. method 2

_._‘.'
x 33

biwt = 0.71 mag .

[ Oprea = 0.60 mag
| o= 0.71 mag
Cape = 0.79 mag

B

Samples for TF
distances are
“pruned”

Choice of internal
extinction and
fitting method can
change results
dramatically

Kannappan et al.
2002, AJ, 123,

2358
66
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Tully-Fisher Relation -
Scatter

_ _ _ 7 Sa galaxies
- Sa-Sd Sample - Sa-Sd Sample in Hi ] exhibit

- slope,, . -10.1 1 - slopes, o -9.7 1 .

I Opred = 0.58 mag @ | _ __ Opred = 0.42 mag
Oaq ey = 0.76 mag & | - | Oaerq = 0.75 mag

: O pts = 0.83 mag _’.-_,.‘ . - Oaps = 0.75 mag ";';' 0_76 mag in R
A i 7 0.95mag in B
B T : 1.20 mag in U
- N=46

—1 SRR N E N

-1.0

Kannappan et al. 2002
AJ, 123, 2358
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Tully-Fisher Relation -

Scatter

- Sa-Sd sample
~ morphological properties

__ bAg strong peculiarity
© strong bar

" N-=68

-1.0

Log(W'

mem

- pruned by morphology

- slope,, ;-10.8
" biwt = 0.60 mag

| Gpea = 0.59 mag
G341 = 0.61 mag R 3

O s = 0.61 mag g L]
; % .

o
L ]

. kinematic properties

A\ pmm, fit differ by >10% MV,
| W total kin asym >5% K
| —> truncated RC <1.3r, ’

Sa-Sd sample
W B
VAR

ML
M

te
o,
Ve
.
.
o

i pruned by kinematics

- slopeg, ¢ -10.5
| biwt = 0.64 mag
| Gpeq = 0.58 mag
L Oggre = 0.68 mag

O o5 = 0.68 mag

Pruning by
morphology
and kinematics

Kannappan et al.
2002, AJ, 123,
2358
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1

Log(W‘me

m

1

)-2.5

1

Tully-Fisher Relation -
Scatter

Scatter depends
on morphology

Kannappan et al.
2002, AJ, 123,
2358
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Tully-Fisher Relation -
Scatter

_ _slope= 25
slope = 3.9

Systematic dependence
of residuals on color
and EW(Ha)

R-band TF residuals (mag)

R-band TF residuals (mag)

1.0 12 14 16
(B-R).

e

py = 8.6E-08
pg= 1.1E-05
pn = 6.2E-05

p,= 0.0023
ps= 0.0027
pr= 0.012

=)
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©
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I
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©
=
ass

R-band TF residuals (mag)

20 -40 -60 -80 4 6 8 10
global EW(Ho) total kinematic asymmetry

*

Kannappan et al. 2002
. AJ, 123, 2358

3: pr= 00024 © 70

0.05 0.10 0.15 0.20 0.25 0.30 21 22 23 24
B-band photometric asymmetry U-band surface brightness at r,

pu= 0.040
pg= 0034
pr= 0.0024

R-band TF residuals (mag)
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Tully-Fisher Relation -

Scatter

g
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q—
©
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'}
QO
[4h)
| -
j -
@)
(@]
i
=

bthorig - 1 02
biwt,,, = 0.64

0.4 .

Color correction
reduces scatter

Kannappan et al.
2002, AJ, 123, 2358
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N= 68

biwt = 0.74 mag

Gpred = 0.58 mag

Oa4 = 0.76 Mag
aII pts — 0 83 mag

Tully-Fisher Relation -
Scatter

Sa-Sd M;<-18 i>40

~ All types i>40

N =108 A
£ e
biwt = 1.07 mag <
Gpeq = 0.76 mag Es)

cy:30rEJ_1 10mag 3 =
Caipts = 1-16 Mag  x ff
A
ONe) §

JESQ* Hxr OE/S0

*0 be sd

O % Sdm & later |

-1.0 -0.5 0.0 0.5
Log(W', m) -25

Including all types
and luminosities
increases scatter

Kannappan et al.
2002, AJ, 123,
2358
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Tully-Fisher Relation -
Scatter
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surface brightness
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Kannappan et al.
2002, AJ, 123,
2358

R-band TF residuals (mag)
R-band TF residuals (mag)
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Tully-Fisher Relation -
Turbulence

100 200 300 400 500
2V,

100 200 300 400
2Vpm

Turbulence introduces
an offset

Kannappan et al.
2002, AJ, 123,

2358
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Barred Galaxies

Aaronson sample Mathewson sample
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Galaxy Pairs

Galaxy pairs follow
same TFR as “normal”
galaxies except for a
few outliers

Barton et al.
2001, AJ, 121,
625
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T I|IIIII

Sa/Sb

T I T T T 1 l L

T l T 1 T T I LI

1 ‘ L1 1 | I L1 1

1 IIIIIIl 1 1 lIl\].J

50 100 500 1000
Wheo (km s71)

Figure 2. Tully-Fisher relations binned according to morpho-
logical type. The solid circles are LSB galaxies, and the open circles
are HSB galaxies from Broeils. The line is a fit to all LSB galaxies.

Tully-Fisher Relation -
Surface Brightness

F LA B B ![TI1T|-1
- e LSB .

Illll\\‘

%

1 lllll]l

| I|IIII| 1 1 Illlll‘

50 100 500 1000
Wi 5o (km s71)

Figure 3. Scalelength versus velocity width, where solid circles are
LSB galaxies, and open circles are HSB galaxies from Broeils.

LSB galaxies follow
same TFR as HSB
galaxies -

(M/L) g ~ 2 (M/L)ysp

Since M ~ V2h, then
h sg ~ 2hysp

Zwaan et al. 1995
MNRAS, 273, L35
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Summary

e Slope steepens towards redder bandpasses (internal
extinction?)
e Sa galaxies exhibit a systematic offset

* TFR scatter depends on:
Radius at which V, is measured

Bandpass (internal extinction)
Morphology

Galaxy color

Star formation rate

e LSB galaxies follow the same relation as HSB galaxies
e Galaxies in pairs follow the same relation as “normal” galaxies
e Barred galaxies follow same relation as “normal galaxies”
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0

Tully-Fisher Relation -

- A Distance Indicator

T f I T I I I I T I I I I I T I T I I

I
®
A
*
n
O
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L2 OXAtAtR=1=-3 -
NoZZT7UT™=
Huﬂgq

le | | | [ | | | l | | | | | I | | | | 1 | | l |

-3.9 -3 —2.D — & —1.9

log z

Final results of
HST H, Key

Project

TFR is a

secondary
distance indicator

Freedman et al.
2001, ApJ, 553,
47
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Formation Models




Aa = Aa
Herzberg Institute

- Galaxy Morphology
= Through Hierarchical
Assembly

\ “Spheroid” <
pisksr = O = «Op = ()

/ !
“Elitial” ?
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' N-Body Simulation -
circa 2000

Stars color-coded
according to age

with blue (young)
and red (old)

Navarro & Steinmetz
2000, ApJ, 538, 477
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/ Formation

For a singular isothermal sphere the density profile is just
V2

_ e !
p(r) AP (1)

2, 3
Vc M_VCFEUO_ Vc

: (2)

"200 = 10H(Z)’ G  10GH(®Z)

We assume that the mass which settles into the disc 1s a fixed
fraction my of the halo mass. The disc mass is then

3 3 —1
my V. 11,1 (md) V. H(2)
_ ~ 1.7 % 10" h Mg (i +
" = 10GH(2) beN0.0s (2501{1115;_1 H,

4)

Fall & Efstathiou 1980, MNRAS, 193, 189;
Mo et al. 1998, MNRAS, 295, 319
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Formation (cont’d)

L(R) = Ly exp(—R/Ry). (9)

Here R4 and X are the disc scalelength and central surface density,
and are related to the disc mass through

If the gravitational effect of the disc is neglected, its rotation curve is
flat at the level V. and its angular momentum is just

Jy = 2wJ V.L(R)R*dR = 4mL,V.R] = 2MyR,V... (7)

We assume this angular momentum to be a fraction j4 of that of the
halo, 1.e.

Ja = jad, (8)
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) Theoretical Disk
__ Formation (cont’d)

and we relate J to the spin parameter A of the halo through the
definition

A — J|E|UZG—1M—SJ’2$ (9)

where E is the total energy of the halo. Equations (7) and (8) then
imply that

3 NGMY2 /],
Ry = - + (10)
2V, |E] my

The total energy of a truncated singular isothermal sphere is easily
obtained from the virial theorem by assuming all particles to be on
circular orbits:
GM? MV?

= — : (11)

- 2?‘200 2

E =
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MY Theoretical Disk
| Formation (cont’d)

V. H17" (]
= T )'_d . (12)
250kms™ ) [Hy ny

P = 1 exp |: In 2 (A,/lmed)il dA 5)

207 A

2no,

The median 4., and dispersion (in lnA) ¢, are found to
depend remarkably weakly on the cosmology, halo mass, or
initial spectrum of density fluctuations (e.g., Barnes & Efsta-
thiou 1987; Warren et al. 1992; Cole & Lacey 1996), with | 1 5x o(In A)obs
typical values 4., =~ 0.04 and 7, =~ 0.5-0.6.

G(In A)theo ~
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) Theoretical Disk
Formation (cont’d)

V. H
250 kms™ H,

P = 1 exp |: In 2 (A,/lmed)il dA 5)

207 A

2no,

The median 4., and dispersion (in lnA) ¢, are found to
depend remarkably weakly on the cosmology, halo mass, or
initial spectrum of density fluctuations (e.g., Barnes & Efsta-
thiou 1987; Warren et al. 1992; Cole & Lacey 1996), with | 1 5x o(In A)obs
typical values 4., =~ 0.04 and 7, =~ 0.5-0.6.

G(In A)theo ~
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Observed Width of
Disk Size Distribution

MB disk

<log1o R¢>

o(log1o Raq)

-22.0,-21.5]

6246

0.82

0.12

-21.5,-21.0]

12497

0.73

0.12

-21.0,-20.5

15061

0.64

0.12

-20.5,-20.0

13186

0.56

0.12

-20.0,-19.5]

9593

0.48

0.13

-19.5,-19.0]

6212

0.40

0.15

-19.0,-18.5]

3588

0.36

0.16

-18.5,-18.0]

2132

0.30

0.18

(Simard 2008, in prep.)

SDSS Disk

subsample:
B/T=<0.3
b/a=0.5

Predicted
o(logio R4) =
0.20-0.25

Feedback at
high A? Secular

instability at low
A?
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/ Origin

3 3 —1
myV 1, —1 my V. H(2)
M, — ~17x 10" 7'M ( )
¢ = T0GH2) bYe\0.03 (2501(1115_9 [Hg et al. 1998

WwiNRAS, 295, 319

T, = M,/L, (in solar units)

V Y
Li=A < — ] .
250kms

where ao = 3 is the slope, and

B _ H(z)] ™
A=17%10"0"LaT '(md)
b e 005/ | A,
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Tully-Fisher Relation -
Origin

. mdvg
I 10GH(7)

l
—
#

v

C

7% 10" ' M (md)
B Melgos

STH(z)] !
250kms~! Hy et al. 1998

T, = M,/L, (in solar units)

WwiNRAS, 295, 319
But why?

— And recall LSB
galaxies ...

Ly =

A

where ao = 3 is the slope, and

my ) {H(E)] -

A=17x 10“;1—’L@Td—'(

V. “
250kms= '/’

0.05

H
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=MW A Disk Stability
Criterion

If self-gravity of disk
dominates rotational
support, then disk will be
unstable leading to the
formation of a bar or a
bulge

i )\/ — )\jd/md

(Efstathiou et
al. 1982,
MNRAS, 199,
1069)




Herzberg Institute

of Astrophysics 4 o A n g U I a r M 0 m e n t u m
Catastrophe”

. , Simulations reproduce

. ¢ Observational data

| . sCDM:€ =0, ¢,=0.05 : slope but not zero-
sCDM:e =0.2, ¢,=0.05 H

iACDM:eV:O.O, ¢,=0.05 U e point

Navarro & Steinmetz
2000, ApJ, 538, 477
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. data ' Specific angular

« SCDM: €,=0, c.=0.05 i momenta of simulated

#SCDM: €,=02, c.=0.05,  _..3g disks are too low
0 ACDM: €,=0.0, ¢.=0.05 s s il

©
O,
A
0
c
T
N
kY,
%
K
ap
Q
-

Navarro & Steinmetz
2000, ApJ, 538, 477

91
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Angular Momentum
Catastrophe -

Resolved?

Decreasing particle resolution in isolated CDM halo

e
- @ GALI-HR
- W MW1-HR

A DVF1-HR.

T T T T

Disk-halo
transfer due to
halo
clumpiness?

(Mayer et al.
2008, arXiv:
0801.3845;
Governato et
al. 2008, arXiv:
0801.1707)
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T=4.20 | GCoO

x [h” kpe]

Three different types of pre-merger
orbits

Gas-rich

mergers
actually
produce disks!

(Robertson et
al. 2006, ApJ,
645, 986)
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Significant disk
component in
mergers (fdisk =
0.76)

1.0 -05 UL-‘_ 0.5 g 5 1.0 -05 .U'-U .U'Eo 1.0 5 10 -05 -UU 0.5 1.0 15 =
2008, arXiv:

0.50

0.0l foe = 0.33 1:1 merger Of f,. = 0.59 1:2 merger } fuu=071 1:8 merger 0806 1739
\ 40% gas . 20% gas i 15% gas u

dM /d[v, Jv.]

054\
A0f
1.5}
2.0/
25|

log( £ ) [M; kpc™]
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Origin of Exponential
Disks

Angular momentum
" transport?

LR

HRLS

Initially,

jom~0

0

[kpc) | (Mayer et al. 2007,

Resulting surface density of

MNRAS, 375, 53)
gas disks is not exponential ...
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Origin of Exponential

___ Disks

0Yy 10 [(9/0r)(vEyridQ/dr)
ot ror [ d/dr(r?Q)

Viscous evolution?

E

Caused by non-
circular motions and
Initial gas ] tl'!rbUIen.ce in .
“... distribution 1 differentially rotating
' disks - no shear = no
viscous evolution

2]
M

]
(o)}

;“\
8]
Q
w0
QO
b
o
o
o
E
e
0
0
0]
=
€ 24
.012
=
a4}
h
Q
0
o
—
3
wn
o
c
9]
0
|
X

. ; (Lin & Pringle 1987, ApJ,
29 03 1o 15 ua Ed 320, L87; Bell 2002, ApJ,
T 581, 1013
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Disks at High Redshifts




=%

log Ry (kpe)
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Al

22 20 18 16
Disk Rest-Frame M,

0.70 2 z < 0.90

18 16

Disk Rest—Frame M,

log Ry (kpe)

log R, (kpe)

ey 20

0.90 :

22 20

Disk Resl

A

22 2 18 16
Disk Rest-Frame M,

:]

1.10

Frame Mg

H]

Luminosity-Size
Relation atz <1

R, (kpc)

log

rr]

20 18

16

Disk Rest—Frame Mg

Contour Grey—=Scale

1.00 080 0.60

0.40 0.20

0.00

Selection
effects are very
significant

No surface
brightness
evolution?

(Simard et al.
1999, ApJ, 519,
563)
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Luminosity-Size
Relation atz< 1

Selection

effects are very
significant

~ 1 mag
brighter in V-

band surface
brightness at z
~ 1

(Barden et al.

2005, ApJ, 635,
959)
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Disk Size Function at z
<1

Size function
remains
constant out to
z~1if
selection
window is

g shifted by ~1
sssscos 1} E mag with z.

i
=
|
=
=
5
Mg
]
Q
=
=
~
z
e
_—
o
el
ap
=

(Sargent et al.
2007, ApJ, 172,
434)
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Disk Size Function at z

/ <1

1 L E 3 . ' T L
CFHTLS 0.2 < z < 0.4 1 - CFHTLS 0.2 < z < 0.
CFHTLS 0.8 < z < 1.0 1 - CFHTLS 08 < z < 1.
SDSS no evl 1 i SDSS no evl

SDSS 1.0 mag evl
SDSS 1.5 mag evl

h (kpc) h (kpc)
Pure Luminosity Pure Number
Evolution Evolution

(Kanwar et al. 2008, ApJ, 682, 907)




Herzberg Institute

of Astrophysics < Tu I Iy- F is h e r Re I ati 0 n
atz<1

I T T T T ] T I ] T I

IMAGES Survey

2D velocity fields
with VLT/GIRAFFE

"'.
1 | I | — | 1] | | [I— I I [

1.5 2 e
log(Vy,y) [km/s]

Ble < Rotating dick (Puech et al. 2008,
ue = Rotating disks

Green = Perturbed rotators A&A, 4845 173)

Red = “Kinematically complex”
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0.1 <z < 0.375 0375<z<065 065<z<ﬁ925 0925<z<12

e MNAajor—merger

I /2 -]  DEEP2 Survey
xnone e : . ] e “ 1 . o~ T

[odisturbed " u ]
.orcompact

Multi-slits with
Keck/DEIMOS

Galaxies are

e : - “settling down”
(a=1.930.01 e i X ] : : o . : ]
P X R = 1 VS = 1 S onto a fundamental
: " TF relation

BH
[b=1.9656 -
- +0.071 *
[a=0.286, g

(Kassin et al. 2007,
ApJ, 660, L35)




Herzberg Institute

of Astrophysics Ve ry La rg e D i S ks

Lot
&
o
@
7
=]
L
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o
E
S
w
v
@
=
L —
£
-
[
m
@
Q
=
T
=
L77]
"
o

05 1.0 15 2.0
r (arcsec)

HDF-South
FIRES

2-3

(Labbé et al.
2003, 591, L95)
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TABLE 1

PROPERTIES OF HIGH-REDSHIFT DISK GALAXIES IN THE HDF-§ H D F-South
.F'{,_ K rl.-'l. K 'F]-"Z. ! F I RES

Galaxy K, .. z My ... Ko s s larcsec)  (arcsec)  (arcsec) €

(D 2) 3) 4 ) (6) (7 (8) 9)
1.439* —22.70 19.70 0.89 0.70 0.86 0.46

182  —2288 1992 075 0.74 088 037 z=2-3 (783

2027 —23.08 19.53 0.74 0.74 0.84 0.36 k

2793 —2356 19.33 0.76 0.70 0.74 0.18 )
2.94 —2359 18.51 0.65" 0.52 0.97 0.27 pc per arcsec
3.00 —2331 18.84 0.75° 0.56 0.86 047

total magnitudes. Col. (3): Redshift. Col. (4): Rest-frame absolute B-band magnitudes. Col. (5):

Face-on rest-frame B-band central surface brightnesses. Col. (6): Face-on best-fit effective radii.
Col. (7): K, half-light radii. Col. (8): I;,, half-light radii, PSF-matched to K. Col. (9): Ellipticity. 2003, ApJ ) 591 y

* Spectroscopic redshifts.
® Two-component models (point+exponential). L95)

NoTEe.—Col. (1): Catalog identification numbers (see Labbé et al. 2003). Col. (2): K,-band (L ”
abbe et al.

e Sizes comparable to Milky Way

e Large Stellar Masses

e Regular K morphologies, knotty in V

e Constitute half of the most rest-frame luminous galaxies

e Number density is at least a factor of two above model predictions
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Rotation or Mergers?

< BX599 (2.3) cc 3y
0" 4 mee e SINS
10 5 ﬂate il K20-8(22) I, ! i | SA12-6339 (2.3)
aow“ &L
D3a6004 (2.4)
| 100 =0 o
el \/ —— k]
70 " ~ —
| 20s e D3a4165(1.7)  BMI163 (1.4) GK167 (2.6)

ZC1101592 (1.4)

B 120

240
138 D3al5504 (2.4) @

S
L _1
D3a6397 (1.5) R — o
140 GK2471 (2.4) 0 BX404 (2.0)
x 170 BX405 (2.0) BX502 (2.2)
K20-9 (2.0)
_14 40 30
160 -170

BX389(22) D3a4751 (2.3)

280

| +z40 K20-6 (2.2) 35 ik
| ’ BX482 (2 2) 0 SA12-8768 (2.2)
o ;. GK2252 (2.41) -4
7C782941 (2.2) 60 @ S
&

+160 T 70 30
70 —
BX663 (2.4)
ey Forster-
-160

K07 o increasing dispers%m Schreiber
et al. 2006,

BX528 (2.3)
& I +160 GK 2113 (1.6) ApJ, 645,
S f1380

-30

| Y& 1062

+110

-80

merger-like
<
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isothermal z=2.2, »1=0.08
---- NFW+Bullock z=2.2, ?.=md=ﬂ.21
- NFW4+Bullock z=2.2, h=m =0.06
rot-curve models

Size-Velocity Relation

atz~ 2

BzK/GDDS z~1.5
BzK/GDDS z~2
SMG

BM

BX

z~0 Sb/c spirals

median
uncertainty

v =150, A=0.14

c
+ ¥
/

Same as the
local relation

(1)

(Bouche et al.
2007, ApJ, 671,
303)
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p Schmidt-Kennicutt
Law atz ~ 2

! I [
=(9.3+2)x10 E )

I
L tartorm gas - L
14 L

1.1440.03
st =0-037£0. %ﬂd{zgﬂ.ﬁw“}
st,nrﬁ:wrnzu:J 0z (= gas Tdyrr'

1.7110. |:|5|

£ =1.5x10"x e

starform F,
starbursts/(U)LIRGs z~0, X=0.25 X, /
normal star forming disks z~0 d

/7 1° Same as the
e local relation

(1)

starburst/(U)LIRGs z~0, ¥=0.25 K
normal star forming disks z~0 i

1 (Bouché et al.
median uncertainty median uncertainty _ -2 2007, ApJ! 671 ’
. 303)

far high-z: fga$=0,4 ] far high-z: fﬂas=0_4 T

1 1 1 | '4
2 3 4 5

log ((£__/x, ) (M_ yr kpc}}

gas dyn sun
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The End!




