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Galaxies and the Universe

Figures + Tables for Lecture 18 on Th Apr 10



Studying the Formation and Evolution of Galaxies

* Today the Universe is 13.7 Gyr old and many massive mature galaxies (e.g., ellipticals,
spirals) with well-defined components (e.qg., disks, bars, bulges) are already in place.

* One of the main goals of astronomy is to answer questions such as :
- When and how did proto-galaxies — the precursors of galaxies-- first form?
- How did these proto-galaxies evolve and assemble over the last 13 Gyr
into the mature galaxies that we see today?
- When and how did most of the stars that we see today in galaxies form ?

- When did barred spiral galaxies like our own Milky Way come into existence?

- What was the role played by dark matter and dark energy?

To answer these questions, there are 2 approaches
--- theoretical predictions from HLCDM models
--- empirical approach: observe galaxies at different cosmic epochs or
lookback times



How did galaxies form and evolve?

Theoretical approach: predictions of hierarchical L CDM
models of galaxy evolution




Formation of Disks in LCDM models

w~  RADIATION

DM =red Baryons (gas) =blue/white.
At early times (z~1000) baryons (gas) decouple from photons & collect in DM wells

CDM and baryonic overdensities grow/collapse on small scales first
The overdensities survive as CDM have V << Ve of small potential wells

Initially (DM+gas) are coupled. But DM= collisionless vs gas =collisional+dissipative
a gas loses energy and collapses into a disk at center of DM halo
a disk of gas forms stars inside DM halo



Formation of Disks in LCDM models

w~  RADIATION

\

DM =red Baryons (gas) =blue/white.

Each DM halo is surrounded by cosmological filaments of DM + accreting gas
Disk inside each DM halo build up from episodes of smooth gas accretion

CDM halos + galaxies grow via successive merger of sub-halos into larger halos
a low mass galaxies form first, higher mass later (bottom up)



Formation of Classical Bulges in LCDM models

Major merger of two small disks of gas and stars (embedded within DM halos)

a Accelerated star formation : large % of gas convered into stars

a Violent relaxation on stars produces_classical stellar bulge with
R71/4 surface brightness profile, high v/s

a Torques remove angular momentum from gas, and feed it to central BH
Classical bulges and BH grow in tandem (origin of BH-bulge correlation?)

a Feedback: AGN jet heat/drive out gas



Formation of SpiralGalaxy with B+D+Bar in LCDM models

Simulations by (Steinmetz & Navarro 2002)

High angular momentum gas accretes around old classical bulge forming young disk
Spiral galaxy = B+D forms

Discrete satellites accrete or fly-by--> Tidal torques induce formation of bar in disk
Barred Spiral galaxy = B+D+Bar forms



Formation of Elliptical Galaxy in LCDM models

Simulations by (Steinmetz & Navarro 2002)

Major merger of 2 massive spirals

a Central starburst

a Violent relaxation on stars produce elliptical galaxy with
R"1/4 surface brightness profile, high v/s

a Torques remove angular momentum from gas, and feed it to central BH
E and BH mass grow in tandem



Merger of 2 spirals (with or w/o bulge) of large & similar mass produces an elliptical galaxy!



Formation of Disks Bulges, S+E Galaxies in LCDM mo ___ dels

Left =face on Right = side on

Simulations from Steinmetz & Navarro( 2002)




Producing cD or giant E via mergers of multiple galaxies in dense
environments

Credit : Joshua Barnes (University of Hawaii)



How did galaxies form and evolve?

Empirical approach: Use observations to directly lo ok
back in time over the last 13 Gyr




Important criteria for a powerful galaxy survey

What are the 4 criteria that a
galaxy survey should satisfy in
order to be effective, and why?

See in-class notes




HST Images and Redshifts

Galaxy surveys use Hubble to get high resolution images of galaxies
a to separate galaxies from each other

\

a to resolve components (bulge,disks, bars, spirals, tidal tails) of each galaxy

The thousands of galaxies surveyed have
different lookback times T, because
light reaching us now was emitted

-- by distant galaxies a long time ago,
when Univ was much younger

-- by nearby galaxies only recently

Use ground telescopes to get redshift z of
each galaxy .See in-class equations

- Cosmological vs Doppler Redshift

- Friedmann equation of motion
to derive age t(z) of Universe at
- Angular diameter distance




Age as a function of cosmoloqical redshift z

See in-class equations

- Cosmological versus Doppler
redshift

- Friedmann equation of motion
to derive age of Universe as a
function of redshift z



Anqgular Diameter Distance as a function of cosmoloqgical redshift z

See in-class equations

- Angular Diameter Distance
and the conversion from
arcsecond to kpc at different
redshifts



Latest Galaxy Surveys: GEMS, GOODS, HUDF

Early galaxy surveys,including the famous Hubble Deep Field (HDF) in 1996 used the old
WFPC2 camera aboard HST . WFPC2 ad a very small field of view

The Advanced Camera for Surveys (ACS) installed in 2002 is 10 times more powerful

than WFPC2
a has a larger field of view (60 times larger)

a more sensitive
a higher angular resolution

It has allowed several state-of-the art surveys of galaxy evolution in 2004

a the GEMS survey
a the GOODS survey
a the HST Ultra Deep Field (HUDF)

-- See in-class notes for comparison of GEMS vs HUDF : area, depth, lookback times



A Giant Leap: ACS camera installed aboard Hubble2002

Servicing Mission 3 in 2002: Astronauts use shuttle Columbia to install ACS on Hubble!

Advanced Camera for Surveys (ACS)

10 times more powerful than previous camera:
Much larger field of view and sharper images



Probing Early Cosmic Epochs with GEMS and HUDF

GEMS surveys galaxies out to lookback times of 9 Gyr, when Univ was 4.7 Gyr old
HUDF surveys galaxies out to lookback times of 13 Gyr , when Univ was 0.7 Gyr old



The Hubble Ultra Deep Field (HUDF) survey




http://www.stsci.edu/hst/udf/planning




The GEMS Survey
(Galaxy Evolution from Morphology and SEDs)




The GEMS SUrvey

GEMS is largest-area imaging
survey conducted using 2 filters on

the ACS camera aboard HST

GEMS also has galaxy spectra which provide accurate redshifts for ~9000 galaxies.
The redshifts are used to derive the lookback times, which lie in the range 2 to 9 Gyr



GEMS dat:

Shows diverse galaxies were in place 9 Gyr ago, when Universe was only ~40% of its
present age!



Redshift Filter  Observedl .. Rest-framdl 1l ,,J(1+2)

Redshift Filter ~ Observedl .. Rest-framdl 1l ,, J(1+2)



“Bandpass shifting” in M81

Rest-frameUltraviolet Rest-frame visible light (B, V)

A galaxy looks very different in rest-frame UV and rest-frame optical

From Wien'’s law : the temperature and hence mass of stars dominating
the light in each rest-frame band are very different



HUDF survey: Looking back in time 13 billions year

The Hubble Ultra Deep Field (HUDF) is the deepest visible-light image of the Universe
It consists of a million s exposure taken with the ACS camera aboard HST in 2004 by the
HUDF team. It probes lookback times of 13 Gyr , when Univ was a mere 0.7 Gyr old.



What have we learnt from HUDF, GEMS and other large

galaxy surveys




1) Galaxy surveys show early epochs of proto-galaxy evolution at z~6-7




2) Galaxy surveys constrain the merger history of galaxies from z=6 t0 0

Merger history from z= 6 to 3 (age = 0.9 to 2.2 Gyr)




Merger fraction at high z

Conselice et al 2003

Merger fraction ~40% - 50% at z~2.5 for
high mass (M/Mo>1e10) galaxies.
Cannot use this data to say anything at z<1



What drives decline in cosmic SFR density over z =1 to 0

Decline in frequency of galaxy mergers and interactions

Decline in cold gas content due to gas consumption/removal by SF/AGN
Decline in accretion rate from filaments

Transition of SF to lower mass



Example of interacting/merging galaxies at lookbac k =3 to 8 Gyr

2 at similar z

2 at similar z



Example of interacting/merging galaxies at lookbac k =3 to 8 Gyr




Merger fraction

Observed fraction F strongly
distorted merging /interacting
galaxies ~9% -12% over
z~0.2 to 0.8 for high mass

Agree w/ Lotz et al (2008; AEGIS)

bright galaxies within a factor of
2 or better.

Merger rate = F n /Tvis
~ few x 104 Mpc-3 Gyr-1

Jogee, Miller, Penner & GEMS collaboration 2008a



Testing effect of bandpass shift (3480 A to 5300 A) In z=0.6 t00.8

F606W (3480 A) F850LP (5300 A)

F606W F850LP F606W F850LP



Test impact of bandpass shift ( 3480 Ato 5300 A)i n z=0.6 t00.8

F606W (3480 A) F850LP (5300 A) F 606W F850LP

F606W F850LP F606W F850LP



Madau plot revisited : normal vs interacting galaxie S

Cosmic SFR density over z=0.2 to
0.8 is dominated by undisturbed
galaxies, which contribute >70% !!

Cosmic SFR density over the last
7 billion years is primarily shaped
by SF activity of non-interacting
galaxies, rather than by the
decline in the frequency of
mergers and interactions !

“~__(Jogee, Miller, Penne & GEMS
collaboration (arXiv:0802.3901)

Similar results at z~0.7: Wolf et al
(2005), Bell et al (2005); Noeske et
al (2007)
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Some Fundamental Questions Facing Us

How long have barred spiral galaxies like our own Milky Way been around?

How does the mysterious
dark energy impact the
evolution of galaxies ?

What does the cosmic evolution
of galaxies tell us about the
nature of dark energy?



4) How long have barred galaxies like the Milky Way been around?

a Barred spirals, similar to our Milky Way, were already abundant 9 Gyr ago,
when the Universe was only 40% of its present age

a Simluations show bars get rapidly destroyed in triaxial DM halos :hence, the abundance of
bars implies that disk galaxies at z=1 have a DM halo that has very low triaxiality
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