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Cosmic Origins:
A Grand Challenge for 215t Century Astrophysics
« We are in the midst of a revolution in observing and understanding

the birth of galaxies, stars, and planets, ranging from individual
solar systems to cosmic scales, over all cosmic time

protoplanetary disc around HL Tau
ALMA

- .,3-;.‘ f« 3
Eagle Nebula (M16), HST



star formation (and the resulting energy releases) are critical
agents in forming and shaping galaxies and the Hubble sequence
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M94 = NGC 4736, HST Hubble Extreme Deep Field
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Context: Galaxies ~23 million light years away

M101= NGC 5457
Fact Sheet

spiral type Sc, similar fo Milky Way

~100 billion stars |

stellar ages 0-13 Gyr [

~10% stars, 5% gas, 85% dark matter




Our Neighborhood: (within 1 billion light years [Gly])

Redshift (V,, / ¢)
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Spirals
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Milky Way (visualisation)

Galactic longitude

120° 150 1800  210°

R Benjamin after R Hurt 2009




Context: Star Formation

Orion nebula: HST

Orion Nebula Cluster: VLT



proplyds in Orion




Context: The Veivl,_...;,“"

+ interstellar space is very .
dusty (10000 ppm') :

+ most dust par"rlcles are
similar in size to waves of
visible/ultraviolet light, so
are highly absorbing




To penetrate the veil, observe the Universe in light waves
that are larger than the dust grains, in the infrared

« Energy increases

Short wavelength Long wavelength
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San Jose Valley

Orion nebula cluster

yellow light near-infrared
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Copyright © 2005 Pearson Prentice Hall, Inc.



Milky Way in Visible Light and Near-Infrared




Another advantage: warm objects glow in the mid-far infrared
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NASA/IPAC

NASANIPAC

10-100 um

Infrared
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Starlight “heats” interstellar dust to 5 - 100 K (-270 to -170 C),
and the energy absorbed is re-emitted in the far-infrared.



0.0002% of the mass-energy of the Universe absorbs, re-
emits half of its starlight!
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Why not build infrared telescopes on the ground?

« The earth’s atmosphere blocks most infrared radiation
(the greenhouse effect)

« Objects at room temperature are blazingly bright in
the infrared!

A" NASA/IPAC




Solution: place a telescope in space

All-Sky Survey Telescopes

IRAS
1983
0.57m
12 - 100 um

& » - Akari (ASTRO-F)
E 2006
0.67m
1.8 - 180 um

WISE

i 2009
4 S 0.4m

3.4-22 um

Space Observatories

ISO
1995
0.6m

2.4 - 240 um

Spitzer
2003
0.8m

5-160 um

Herschel
2009
3.5m

57 - 672 um
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age Credit: LASGAL, MPHR, IMPSE
Image Data: Red represents ATLASGAL/sudmillimetre Gata and biue
represents GLIMPSE 360/infrared data



Infrared spectra reveal hundreds of thousands of
molecular and atomic features, from every phase of the
interstellar medium

“ Hydrogen Sulphide
 Methanol

DT T A



Composite 3.6-24 microns

24 microns

8.0 microns

3.6 microns

Spiral Galaxy M81

Spitzer Space Telescope * MIPS ¢« IRAC

Inset: visible light (NOAO)

NASA / JPL-Caltech / K. Gordon (University of Arizona), S. Willner (Harvard-Smithsonian CfA) ssc2003-06

visible + ultraviolet + Ha



Kingfish (Key Insights on Nearby Galaxies:

I NGC 3338 NGC628 ., NGC 7793
a Far-Infrared Survey with Herschel) : Q : *
‘. < "
http://www.ast.cam.ac.uk/research/kingfish . '
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multiwavelength observations
provide dust-free SF rate
tracers, and the fraction of
starlight attenuated by dust
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The Spitzer Infrared Nearby Galaxies Survey (SINGS) Hubble Tuning-Fork
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Case Studies: Two of our Nearest Neighbors

Andromeda Galaxy: M31
distance = 2.5 Mly mass ~ 1.5 MW

Large Magellanic Cloud (LMC) o
Distance = 0.16 Mly mass ~ 0.1 MW B e e

Degrees




 Cogyright © Phillg Bersing 008







30 Doradus region
(HST)

>2,000 ionising stars
(vs 4 for Orion!)



Star Formation in the
Low Density Extreme

M83,"XUV" disc .




30% of E and SO galaxies
formed stars in last 300-500 Myr
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Perseus
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galaxy cluster: distance = 230 Mly
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star formation rate per unit area

11IMPC + Ha6S + SINGG+ Hameed + Goldmine Surveys
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log SFR (M, yr ')

star formation rate



A Second Mode: Circumnuclear Star Formation

- . N6C1097 (HST)
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NGC 1097
3.6-24 um (Spitzer)
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Infrared-Luminous, Ultraluminous
Starburst Galaxies

~ NGC 4038/9
- Antennae

M82




TIDAL INTERACTIONS IN M81 GROUP
Stellar Light Distribution 21 cm HI Distribution
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M82 = NGC 3034




Massive star formationis a

highly exothermal process:
“feedback”

30 Doradus revisited

" Crab nebila
supernova remnant
(SN1054)




feedback shapes galaxies
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Galaxy luminosity

diagram by J Silk 2011
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COSMOS Deep Field:
Herschel Space Observatory (HERMES)
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The average SFR/mass for "normal” galaxies increases with redshift
* by z = 2 many "quiescent” galaxies have SFR > 100 M /yr
* "normal” star formation at z=2 is a starburst by local definitions!
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cosmic star formation history

lockback time (Gyr)
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The Hubble Tuning Fork spirals
Diagram ezt - .

M104 M63 © mM101

Ellipticals Lenticulars / SAwms  Sb Sc

®# B %

© m87 M49 M59 . M102: * % NGC5866

EO E3 ES E7 so\

Barred Spirals

+

@ - W - @

Irregulars - Peculiars Mos . M109 NGC1356

Lo . SBa SBb SBc

M82 ‘ g M106

M51
7N
1 GO x
S s Sciencesa It cole
ES TELESCOPE

FAULR
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Spatially-Resolved Measurements of the SF Law

4 (J2000)
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star formation rate per unit area
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gas surface density (HI+H.)

compressing the gas by 100x
increases concentration of
stars by 600-1000x

Kennicutt, Evans 2012
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Space Infrared Telescope for
Cosmology and Astrophysics (SPICA)

James Webb Space Telescope (JWST)




