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Cosmic History in a Nutshell

TIMELINE OF THE INFLATIONARY UNIVERSE

Big Bang

In an infinitely dense
moment 13.7 billion years
ago, the Universe is born
from a singularity.

Inflation

A mysterious particle or force
accelerates the expansion.
Some models inflate the
Universe by a factor of 1026 in
less than 10-32 seconds.

Cosmic microwave background Dark ages

After 380,000 years, loose electrons Clouds of dark
cool enough to combine with protons. hydrogen gas cool
The Universe becomes transparent to and coalesce.

light. The microwave background

begins to shine.

First stars

Gas clouds collapse.
The fusion of stars
begins.

Big Bang expansion

13.7 billion years

*‘3‘5
l:-.‘«

Galaxy formation
Gravity causes galaxies to form, merge and drift.

Dark energy accelerates the expansion of the
Universe, but at a much slower rate than inflation.
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Integrated Light (Galaxies + QSO)

Frequency v [GHz]
10* 10°

DIRBE/CAT/IRAS

200-1200m |

J FIRAS _

Spitzer  1SO T

24uym  70pm  160um

—— Spitzer ———
850um
e, SCGUBAYY
10.0 100.0 1000.0
Wavelength A [pm]

00
o
Q
N
<
o
<
<
—
[\
c
—
=
[~
3
10
[\
b
[
[\
=
(o]
)

@ UV/Vis and IR bumgs do not arise at same time
nor in same object
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Star Formation Intensity History
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@ No model today can reproduce all the data on IR
galaxy populations
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More Luminous Galaxies at Higher z

Bl LIRG (Le Floc'’h et al. 2005)
Bl ULIRG (Le Floc’h et al. 2005)

@ Total (Reddy et al. 2007)
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More Luminous Galaxies at Higher z
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Fic. 14—Bolometric IR LF obtained in this work compared to the determinations of other authors at similar redshifts: z ~ 1 (left) and z ~ 2 (right).
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Tremendous Progress...
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... And Many Open Questions

@ How, where and when first collapse to stars?

@ How are the various wavelength-defined coeval
galaxy populations related?

@ How do galaxy populations evolve?

@ What controls “evolution” in individual galaxies?

Gas accretion, interaction, mergers, internal dynamics?
Entanglement of accrefion and~astration
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Themes

@ Population studies (survefys) in_the continuum are
well in hand, especially from Spitzer and
Herschel, augmented with ground facilities

@ SOFIA can help decipher ISM dia%nos’rics, and
illuminate galaxy scaling laws, perhaps mechanics

OFIA can help understand physics relevant t:
¢ ?irs’r collapse : it il

o Iégly_}?z high resolution spectroscopy in the mid to
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Definitions and Disclaimers

o “Intermediate redshifts” are roughly O<z<l
Galaxies are at the fail-end of the “golden age” of SF

Mechanics of alaxy evo‘t(.t’rlon are likely same as z71,

so the interm dla’re z is key fo earlier times

@ Sensitivity assumptions are quite liberal
SOFIAs goal is to facilitate breakthrough technology
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Three Chapters

@ Making Sense of Galaxies

@ Molecular Hydrogen
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FIR Fine-Structure Lines

@ ISO themes:
OI, OIII, CII as key indicators of ISM gas conditions
CII deficiency in high-intensity SF systems

CII-Aromatic connection

@ Herschel is rewriting the book on FIR FSL
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Herschel SPIRE spectrum of Mk 231

Markarian 231
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Herschel SPIRE Spectrum of M82

I r f U M82 reconstructed apodized spectrum
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5/12/10 - P. Panuzzo et al. - Herschel/SPIRE FTS View of M82
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Pre-Herschel Example
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Brauher et al 2009 :
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Pre-Herschel Example (better plot)

ISM in IR-bright Galaxies - SHINING ‘%.
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PACS Spectroscopy (Sturm

ISM in IR-bright Galaxies - SHINING
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Herschel-PACS Spectrum of Mk231

Co (22-21)

124 125 126
observed wavelength [um]

Gonzalez-Alfonso et al. 2010, A&A Herschel issue Helou-Asilomar SOFIA 2010




FIR Fine Structure Lines Summary

@ Complex structure of lines calls for well resolved
spectroscopy

“CII d,eFiQency" may include self-absorption as well as
intrinsic factors

@ Interpreting these lines in simflle terms of single-

zone emi’r’ri%g regions will be Clearly inadequate

@ SOFIA can contribute with high-resolution
spectroscopy of critical lines
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Three Chapters

@ FIR Fine-Structure Lines: OI, CII, OII1

@ Molecular Hydrogen
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Conceptual Infrared Galaxies (1)

i ? - g
@ IR(A) = [Tism] -Heating(A)

@ Heating(A) is the input_heating spectrum from
all sta s%neglec’rmgA ? 9P

@ IR(A) is the Infrared SED, i.e. Cooling
+ escaping radiation from stars (ignore gas cooling)

@ T is a matrix with all the coupling terms between
Heating and Cooling

Cross-sections, opacities, etc

Geome’rryélocal mu’rual% geome’rry(age), geometry(d/qg),
tc

geometry(morphology
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Conceptual Infrared Galaxies (2)

o IR(A) = [TIsM]-Hea’ring) simplifications:
@ Most drastic approximation is "L(IR) = k-SFR”

@ More useful for extracting information:
Heating = 3 IUV(>13.6eV)+FUV(>6eV )+NUV+Vis+NIR
@ 2 is faken over stars in various age groups
IR(A) = 2 SED(dust species, U range, A)
@ Dust {VSG, Aromatics, LG} at U=0.1--10°Go

E‘I’gr\sl{/\g)ﬁggggcfs star populations to dust emission via
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Estimating [Tism]
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©ESA and the SPIRE & PACS consortia




Conceptual Galaxies: Gas Phase

@ [Tism] can be applied to gas phase diagnostics,
[rhlgff]h addi’rioﬁﬁ terms gare Pneeded 10 connect
radiafion to gas

Ionization coupling
Photo-electric coupling

@ SOFIA ortunity is_here; spectrally well
resolved Nine diagriostics will add thi¢ dimension

@ However, mechanical excitation t X S appear,
not directly traceable to Hea’rlng? Sn

Shocks, turbulence
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Conceptual Galaxies: Radio, X-Ray, ...

@ These components are further removed from
Hea’rlng&s1

Mostly derived from SN, possibly stellar winds

° foup ing terms are much further removed from
Tism

New parameters enter, e.g. magnetic field

Time-dependent terms, e.g. cooling CR, plasma
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Empirical Galaxies

@ Galaxies are complex systems, with deceptively
simple properties as a population

Many diverse processes: astration to dynamics
Many episodic influences: starbursts to mergers

Many physical couplings: radiation, density, CR, B

@ Most ;;alaxy 1pqmme’rers will inter-correlate,

with
This is helped by averaging within each galaxy

mostl rivial physical content, ie L or U

@ The few useful correlations are simale and
unexpected, e.g. Tully-Fisher or IR-Radio

Their physical interpretation is NOT simple

All truths are easy to understand once they are
discovered; the point is to discover them (Galileo)




Yet Another Correlation: SiII vs L(IR)

Helou et al

@ S5MUSES sample fnu(24)>5mJy, median z~0.1, mix
of SF and AG
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And an AGN/SF Index

@ Importance of XDR
@ Similar to OI/CII

[Fell] 25.99um / [Nell] 12.81um

[Sill] 34.82um / [SIII] 33.48um

Dale et al 2009 :
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Making Sense of Correlations

@ In the case of line correlations, spectrally well-
resolved data are crltrlcal, and good maps’ of local

sources are importan

@ Again pointing to high-resolution spectroscopy

Helou-Asilomar SOFIA 2010
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Three Chapters

@ FIR Fine-Structure Lines: OI, CII, OII1

@ Making Sense of Galaxies
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Hz: Spitzer Data
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H2: IGM Shock in Stephans Quintet

Discovery of the first galaxy-scale H,-dominated MIR source

H2 0;0 8(1)0 ; Strong molecular Hydrogen and little else!
eorl LUrSS P (Appleton et al. 06, Cluver et al. 2010).

i ¢ g Spitzer IRS Spectrum extracted in the SQ ridge
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Hz: Spitzer Data
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Figure 13

Compilation of H, measurements for normal galaxies (Roussel et al. 2007), ULIRGs (Higdon et al. 2006),
and a variety of other objects. The ratio of the luminosity in the sum of the S(1), S(2) and S(3) lines (of the
ground vibration state) of H; to the IR luminosity of the system is plotted versus the IR luminosity. Nearby
galaxies are shown as open symbols, diamonds represent dwarf galaxies, triangles represent star-forming
galaxies with no other type of activity, and squares represent galaxies with Seyfert or LINER nuclei.
ULIRGs are shown as crosses. Gray lines of constant H, luminosity (109, 108, and 10'° L) show that, in
spite of the variations in Ly, /L, ULIRGs are still more luminous in H; rotational lines, whereas
intergalactic shocks can easily outshine whole galaxies in these lines.




H.: Radio Galaxies and Dusty E's
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Ratio of Hz luminosity summed over the 0-0 S(0)-S(3) lines to 7.7 pm PAH luminosity vs.
vL,(24 pm,rest) continuum luminosity. This ratio indicates the relative importance of mechanical heating
(via shocks) and star formation power. All but one (3C 31) of the H; detected radio galaxies from our
sample (red triangl and out above normal star forming galaxies from the SINGS survey (diamonds).
Lower limits are shown for sources with undetected 7.7 ym PAH emission. All sources in this plot with
L(H,)/L(PAHT7.7) > 0.04 are considered to be MOHEGs. Many of the LINERs and Seyferts from the
SINGS sample and several of the Kaneda et al. (2008) dusty ellipticals are MOHEGs. Other MOHEGS in
the literature (NGC 6240 and Zw 3146, open red pentagons) and the Stephan’s Quintet intergalactic shock

. re plotted for comparison.
Ogle et al 2010; Guillard et al ;
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Molecular Hydrogen Excess Emission

@ Excess emission in the pure rotational transitions

of H2 has been observed with Spitzer in many
environments

@ Most likely common thread is shock excitement,
but many ‘questions remain

Maijn puzzle i? how molecular mq’reric#l can be the
main Coolant for a violent injection of mechanical
power
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Hz: What Might SOFIA Do?

@ How is H> formed in violent environments?

@ How is it excited? (shocks? turbulence? other?)
=) V¥ha’r is role of dust? What is time_dependence

luminosity? Any coincident star For ation?

@ To shed |I§h1‘ on excﬁrah echanlsms we need
better spatial and h 35 ectr I reso lution
speg’rroscopy in ’rhe ange 20-e0pm (17pum tfo

This H, signature may well be the best way to detect
earliest collapse of gas clouds to form galaxies

Helou-Asilomar SOFIA 2010
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Summary

o SOFIA hl%h (>104 spectral resolu’rlon
spectrosc e rang e 20-100pm will
address several lmpor’ran’r questions

@ Challenges within reach:
solve for the star/dust heating/cooling matrix

advance on ﬁhysical underpinning of correlations and
decorrelations

nstruct higher-fidelity ISM physical representations
Egs basis Forgpoepula’rﬁ)n%odelsg ysical representatio

Helou-Asilomar SOFIA 2010




IRAS (1983), 12-100 microns 1SO (1995), 7-15 microns

2MASS (1997), 1.3-2.2 microns Spitzer (2003), 3.6-24 microns

A Quarter Century of Infrared Astronomy
The Rho Ophiuchus Star-Forming Region

International Year of Astronomy 2009 Helou-Asilomar SOFIA 2010
Infrared Processing and Analysis Center - California Institute of Technology




