Redshift Evolution in
Galaxy Scaling Laws

“Fundamental Planes” part 2.1
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Redshift Evolution
THE TULLY-FISHER RELATION
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Redshift Evolution
THE TULLY-FISHER RELATION

KTRS linewidths, GOODS ACS photometry

DEEP2: See significant
evolution in TF
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Redshift Evolution
THE TULLY-FISHER RELATION

But *baryonic* TF:
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Redshift Evolution
THE TULLY-FISHER RELATION
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Redshift Evolution
SIZE-MASS RELATIONS

TF doen'’t evolve: doesn’'t mean projections (e.g. size-mass) don’t
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Disk galaxies:

naively assume
(Mo, Mao, & White)

Rd ~ M/VvA2

v~V_halo
Rd ~ 1/H(2)

Weiner et al. 2005
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Redshift Evolution
SIZE-MASS RELATIONS

FP and TF don’t evolve: doesn’t mean projections (e.g. size-mass) don't
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Redshift Evolution
SIZE-MASS RELATIONS

t z=0.1 MODEL } SDSS;
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Redshift Evolution
SIZE-MASS RELATIONS

Weak disk size-mass evolution: why?

Rd ~ R _c (break radius of halo profile), not R_200
(most massinR ¢,soV*2~M/R c)

R c=R 200/c (concentration)

c~1/(1+2) --- cancels most predicted evolution!
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Redshift Evolution
SIZE-MASS RELATIONS

Disks are weakly evolving:
do we expect to see the same in ellipticals?
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Redshift Evolution
THE FUNDAMENTAL PLANE

Caution: The red sequence at z~1 contains a wide
range of morphologies

Color maps
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Redshift Evolution
THE FUNDAMENTAL PLANE

Many ellipticals being/recently formed: even normal E/S0s are
often disturbed

Van Dokkum & Ellis 2003

Red-sequence E/SO galaxies in HDF-N. 40% of all spheroidal
galaxies to 23 R mag are disturbed. Roughly 1/3 of these show
blue centers and are also candidate AGNs.
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Redshift Evolution
THE FUNDAMENTAL PLANE

See an offset in magnitude in the FP
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Redshift Evolution

THE FUNDAMENTAL PLANE

See an offset in magnitude in the FP
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Redshift Evolution 0ok
THE FUNDAMENTAL PLANE |
But again, evolution consistent 0ok |
with stellar population fading i
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Redshift Evolution
THE FUNDAMENTAL PLANE

— | 0.75<z<1.0
| 0.3<z<0.75

Given weak disk
evolution, and that
this is (to lowest order)
the virial relation,
perhaps we should
not be surprised
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Redshift Evolution Trujillo et al. 2007
SIZE-MASS RELATIONS

What about spheroid sizes?

n>2.5 (spheroid—like)
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Redshift Evolution Trujillo et al. 2007
SIZE-MASS RELATIONS

Spheroids are getting smaller >2x as quickly as disks!

Lookback Time (Gyr)
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Redshift Evolution
SIZE-MASS RELATIONS

By z~3, massive ellipticals are little bigger than a starburst (~kpc)

7~3 TN |
=9
. \
Disks o

10°

Local
Objects

LA

vy

7~3

| Spheroids

o
—
E
—

10°

gog-all
10"
Stellar Mass (Mg)

' 11012

Zirm et al.

Tuesday, December 25, 12



Redshift Evolution
SIZE-MASS RELATIONS

Why are ellipticals so much smaller than disks at high-z?

Same answer as at low-z: gas. just more of it
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Redshift Evolution
SIZE-MASS RELATIONS

Why are ellipticals so much smaller than disks at high-z?

Same answer as at low-z: gas. just more of it

log( M. /Mg)
&S = = =
Y O,

00 0.2 04 06 08 1.0 00 02 04 06 08 1.0
fgm. fgas
Increased dissipation >> smaller, more compact
remnants (Cox et al.; Robertson et al.)
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Redshift Evolution
SIZE-MASS RELATIONS
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Redshift Evolution
SIZE-MASS RELATIONS

High-z galaxies are more gas-rich:
Expect more compact remnants (see also Khochfar & Silk)
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Redshift Evolution
SIZE-MASS RELATIONS

Where are they now?

Dry (spheroid-spheroid) merger:
Typical orbits weakly bound -- E_final = E_initial =2 ( M_i * sigma_i"2)
Mf=2M_i --sosigma f=sigma i

virial theorem -- R f=2*R i

Relative to the slope of the size mass relation (R ~ M*1/2), you're rapidly
moving up (increasing R)

High-z early mergers are *exactly* the systems expected to have more dry
mergers
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Redshift Evolution

SIZE-MASS RELATIONS Direction dry mergers
move you
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Redshift Evolution
SIZE-MASS RELATIONS

But....
unclear how much room there is for dry mergers in the most massive galaxies

Van Dokkum et al. (2005)

We see them happening...

Bell et al. (2006)
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Redshift Evolution
SIZE-MASS RELATIONS

But....

unclear how much room there is for dry mergers in the most massive galaxies

But others argue even ~1 is too many for a massive galaxy
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Fundamental Plane Tilt
STELLAR POPULATION VARIATION

The color-
magnitude
diagram from
SDSS

The color-
magnitude
sequence of
early-type
galaxies.

*Ng-r) color (mog)

-~ 19 -20 -21 -22
absclute magnitude M,,, (maq)

Hogg et al.,

Tuesday, December 25, 12



Fundamental Plane Tilt
STELLAR POPULATION VARIATION

Indeed, there are very significant stellar population
trends as a function of elliptical mass:
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Motivation
QUASARS AND SPHEROID FORMATION
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(c) Interaction/

Merger”

- now within one halo, galaxies interact &
lose angular momentum

- SF;{ SLACLS O INCrease

- stellar winds dominate feedback

- rarely excite QSOs (only special orbas)

(b) “Small Group”

\MO6 G

« halo accretes similarmass
companion|s)

= Can occur over a wide mass range

« Mayo still similar to before
dymamical fnction merges

the subhalos efficiently

(a) Isolated Disk

- halo & disk grow, most stars formed

- secular growth builds bars & pseudobulges

- “Seyfert” fueling (AGN with Me>-23)
cannot redden to the red sequence

SFR [Ms yr™']

- galaxies coalesce: wiolent refaxation in core

(d) Coalescence/(U)LIRG (e) “Blowout” (f) Quasar

v o - BH grows rapidly: briefly « dust removed: now a “traditional” QS0
RS INSOws 0 Cunter dominates luminosity¥feedback o4
starburst & buried (X-ray) AGN ominates u 1osityfeedbac - host morphology dfficuk to observe
v ; ) : « remaining dust/gas expelied tidal features fade rapidly
- starburst domimtes luminosity/feedback, ¢ redd e T 1) QSO - ek I'l i pean . 4
' « get recdenea (but not Type 1) J - characteristic: ! oung sph C
but, total stellar mass formed is small £ ype laracterisucally diue/young spherol
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recent/ongoing SF in host
high Eddington ratios

merger sigratures still mable (g) DCCQYI‘K*A

“or

- QQC UMINOSItY fades ¢ Wiy
« tidal features visble only with
very decp observatons
- remnant reddens rapidly (E+A/K+A)
hot halo™ from feedback
- Sels Up QUAS-SIALX u_)ofm;(

(h) “Dead"” Elliptical

-2 s 0 1
Time (Relative to Merger) [Gyr]

N

- star formation terminated

- large BH/spheroid - efficient feedback

- halo grows 10 “large group” scales
mergers become mefficient

- growth by “dry  mergers
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Motivation
MERGERS AND THE BLUE-RED TRANSITION

Truncated Disk Merger (No Feedback) Merger (Feedback)

SFR/ SFR(l,..0)

D i e o B e e e RPN || PR reae BT T P
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
t'tq.nncn [Gyr]

Woo et al.: Disks aren't “turned off” (red = bulge)?
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Motivation
CIRCUMSTANTIAL EVIDENCE Ao=0.3
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Motivation
CIRCUMSTANTIAL EVIDENCE

Quasars were active/BHs formed when SF shut down...
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Motivation

CIRCUMSTANTIAL EVIDENCE
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Motivation

CIRCUMSTANTIAL EVIDENCE

Observed RS Buildup to z>~1 = Expectation if *all* new mass to the RS

“transitions” in a quasar-producing merger
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Motivation
CIRCUMSTANTIAL EVIDENCE
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Motivation |
CIRCUMSTANTIAL EVIDENCE pa: | s N
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115} Quasar Clustering
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The Model red fractions:
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The Model
PREDICTIONS

mass function redshift evolution:
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Great!
..BUT....
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..BUT...

Croton et al.
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Lowest-Order Predictions are Fundamentally Non-Unique:
HOW DO WE BREAK THE DEGENERACIES?

|dentify broad classes of quenching models:

Mergers

Halo Quenching

“Secular”

Diy
Mergers

gal

%
Formation

Star
Formation

Diy
Mergers

M,

Dry Mel'?"'“‘/v

A'cnmauon

M,

alo

Mha lo

M,

alo

Are there unique, robust predictions of the different classes of

gquenching mechanisms?
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Lowest-Order Predictions are Fundamentally Non-Unique:
HOW DO WE BREAK THE DEGENERACIES?

|dentify broad classes of quenching models:

Mergers

Halo Quenching

“Secular”

Diy

Mergers

%
Formation

gal

Star
Formation

Diy
Mergers

M,

Dry Mel?-e’s/'

A"mmatmn

M,

alo

Khochfar & Silk (w. Naab et al.)
Cattaneo et al. (alt)

Somerville et al. (new)

Hopkins et al. (too many)

Mha lo

Croton et al.

De Lucia et al.

Bower et al.

Cattaneo et al. (standard)
Kang et al.

Monaco et al. (no QSO)

Mha lo

Bower et al. (sometimes)
Noeske et al.
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Comparing Quenching Models
HOW DO WE BREAK THE DEGENERACIES?

Mergers Halo Quenching’ Secular

Dy
Mergers

Diy Mergers
- Sta y g

Formation

gal L e e R e e
Dy
Mergers
MQ Star Foomation
Mhalo Mhalo
——— e uTA Ty pTee ey .
125 Croton et al. (2006) SR -2, s 1_‘-;512:
b < ‘.; - . . g
o aAn A

Bower et al. (2006)

1" 12 13 14 1" | 12 13 14 1 12 13 14 |
log(M,../h"M,) log(M,,../h"'M,) log{ M, /h"'M,)
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Motivation
WHAT DO WE KNOW?

morphology:

BH/AGN:

feedback:

timescales:

Mergers

classical bulges/
spheroids

*quasar & remnant

massive BH

*kinematic
*quasar
*starburst

short (<Gyr)

Hot Halos

little effect

*little BH growth

*fuel for low
Mdot modes?

*accretion shocks
*gravitational

~Hubble time

Secular

“pseudobulges”

*Seyfterts?
*small (<1077
M_sun) BHs

*Seyfert?
*stellar winds

~Gyr?

Tuesday, December 25, 12



Comparing Quenching Models
HOW DO WE BREAK THE DEGENERACIES?

jor—————————— AT S L P R S0 L o b

08 ¢ -
0.6. A [-19,-20] .
: ¥
0.4 /._‘1
0.2 .
- Weinmann et al.
- = = = Martinez et al.
R L ien g g e R R e B ol e o e S ph e o
-7 10 1 12 : 13 14
log(M,.,/h" Mg)

f red vs. M _halo and M_gal:
smooth dependence on M _halo
no characteristic scale
high even in low M_halo (for massive galaxies)
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Comparing Quenching Models
HOW DO WE BREAK THE DEGENERACIES?

jor———————— e

0.8 o

o
[ . '
0.6 a[-19,-20] L - A

0.4
G5 ~~ “Halo Quenching” Model:

Weinmann et al.

~ - -~ Marinezetal. | step function in M_halo:
3 R R o BB N RSP I strong characteristic scale

no residual M_gal dependence
nof redinlow M _halo

frm

No Quenching 4
0.4

0.2

P g g A
0.0 - — —a—.‘/.._

11 12 13 14
log( M,.,/h' M)
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Comparing Quenching Models
HOW DO WE BREAK THE DEGENERACIES?

{ ) | B AR s AR SRS AR AR B MR B A5 2
. Observed
0l Secular Model:
- e little dependence on M _halo
. O0F SRS e (weak *inverse* dependence)
T 04 o low f_red even in massive
| i halos when M_gal << M*
02 Weinmann et al.
; - = = = Martinez et al.
11| SO e T SO T P J
SR e UM S—— _—
Croton et al. Secular / ot
08 _ Modified Bower et al. +«* |
0.6
g | <~ No Quenching ' /4
0.4 |
: -A
0.2F ! e
- e |
ottt ] g
11 12 13 14 11 12 13 14

log( M., /"' Mg)

log(M,.,/h" My)
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Comparing Quenching Models
HOW DO WE BREAK THE DEGENERACIES?

Merger Model:

appropriate mixed dependence

on M_halo and M_gal
no sharp scale in M_halo

1.0' """"""""""""""""""" ;"‘—j """"""""""""""""" :_"_.‘:*‘-———w
. Observed o . ThIS Paper V,,,:N
08F % / | b
:. » ‘ &4 " *7 > 4 *%{:
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g [ » E o M pes
04 'I ] o ¥ ;:l
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11 12 13 14 11 12 13 14

log( Mnaso /h’ M®)

|Og( Mhalo / h.1 MO)
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Comparing Quenching Models
HOW DO WE BREAK THE DEGENERACIES?

14 F T J T
E Observed (central) :
13f
"E'a _ 1.D_§
. 12 s I
o 3 3
Passive (low SSFR) galaxies: of ot
same trends 8E . . . . -
. . . 10 11 12 13 14 15 16
avoid dusty/metal-rich disk l0g (Myae/h™" M)
contamination
M; Halo lQuencllwing | ' I | _
13F
3 122—
S
2
g 10;—
Bé 1 1 | 1 1 |
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10g (Mpgie/h™" Mg)
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Comparing Quenching Models
HOW DO WE BREAK THE DEGENERACIES?
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Comparing Quenching Models

HIGH-REDSHIFT PASSIVE GALAXIES

High-z passive
(low SSFR) galaxies:
z~2-4
Very compact, n~4:
Spheroids/Merger
remnants
High (low-lum) AGN
fraction
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Comparing Quenching Models
HIGH-REDSHIFT PASSIVE GALAXIES

e
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Mer ers (This Paper) ]
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Comparing Quenching Models
DICHOTOMY IN ELLIPTICAL KINEMATICS

N parger/Elliptical
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Comparing Quenching Models
DICHOTOMY IN ELLIPTICAL KINEMATICS
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LF vs. Redshift
UV THROUGH IR

Luminosity Density log(j,.) [LoMpc™)

85

Mergers Dominate BH/Bulge Growth

Empirical Secular (Disk Instabilities -> Pseudobulges)

Maximal Secular (All Spheroids Initially Formed by Disk Instability)

Extreme {(Unphysical) Secular (All Spheroid Mass From Disk Instabilities:
No AccretionMinor Mergers/Gas-Rich Mergers) -

z

10

-----o--- Blue Galaxies
| e Red Galaxies 11
0.8~ (Strateva et al. 2001) 1t

N (Arbitrary Units)

1.5

1.0

Disk Instabilities/Bars
{Barazza et al. 2006)

T 1 ' L 1

E+A/Merger Remnants
(Goto 2005)

25 3.0
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Comparing Quenching Models
SUMMARY

Strong arguments for association between mergers, quasars, & blue-
red transition:

clustering, number densities, merger fractions, morphologies, host
colors/SFHs, LF evolution, kinematics, etc.

But, how is quenching over a Hubble time accomplished by a single,
potentially high redshift gas-rich major merger?
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How Could Mergers Be Associated with “Maintenance”?

(1) “Complete” quenching from
a single event

energetics might be ok...

high redshifts: densities larger,
cooling in filaments

can it really work for a
Hubble time?

10 100 1000 10000

(2) Buying time
expel cold gas at the end
of the merger

heat remaining gas to
much larger t_cool

only need ~couple Gyr to
“naturally” develop a hot halo

still needs “radio mode” when
that hot halo is formed

Tuesday, December 25, 12



(3) Hot halos from merger feedback

quasar/starburst heats gas
tot cool >>t dyn

merger simulations end up
with quasi-static, pressure
supported gas equilibrium
inside R_vir

new gas will shock: don’t need
to “pre-heat” everything

tcool / t1re'e»~1all

100
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“Transition” VS.

Move mass from Blue to Red:
Exhaust *all* cold gas

Rapid (<~ Gyr)
Small scales (~pc - kpc)

“Quasar” mode (high mdot):
Soltan: most BH mass
short-lived (~1027-1048 yr)

Morphological Transformation:
Violent relaxation
Classical spheroid formation

Gas-rich/Dissipational Mergers

“Maintenance”

Keep it Red:
Prevent new cooling

Long-lived (~Hubble time)
Large (~R _vir) scales

“‘Radio” mode (low mdot):
*small* mass gain
long-lived (~Hubble time)

Subtle morphological change:
(regular vs. giant ellipticals)
“dry”/dissipationless mergers

Halo Processes?
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Summary

Models where merger history supplements quenching make
robust, qualitatively distinct predictions
Detailed observations can break degeneracies

Compared to models where a simple halo mass threshold or secular
mechanisms set quenching, only the merger model appears to match

these observations:
 Bivariate red fraction (vs. M_halo & M_gal)
» High-z passive populations
- Elliptical dichotomy
» Evolution of color-morphology-density relations

Mergers work *with* hot halos

Buy time for hot halos to develop
Directly shock low-mass systems to “hot halo” mode

Caveats:

Satellites

Secular AGN fueling & pseudobulge formation are probably important:
M_bulge < 100 M_sun, M_bh <~ 107 M_sun
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