The 158 um [CII] Line and CCAT

| ow density ionized gas regions
! PDR emission usually dominates the line

» Traces the physical conditions of the gas and stellar
radiation field

» The line to far-IR continuum ratio traces G, &, i.€. the
strength and spatial extent of the starburst.

» With other fine structure and CO lines: n, N, mass,
radiation field hardness (age of starburst, or AGN?)

) Since it is uniquely bright, the [CII] line is an excellent
redshift probe.
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1) = Expect the [CII] line

The [CII] Line

to be an important
coolant for both ionized

and neutral gas
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Is the [CII] Line Important?

(atomic clouds) 93 30 33% 1.3%

 Diffuse HI (5-8000) ~0.5 15% 36%
] Dense Hl| 7500 30 1% 0.05%
1 Diffuse HII 9000 0.3 2% 8%
J Hot HII Sources - >50

Cox, D.P. ARAA 43, 2005, 337




Is the [CII] Line Important?

Major Coolant
93 30 33% 1.3%
2 Diffuse Hl (5-8000) ~0.5 15%  36%

. Dense HI| 7500 30 1% 0.05%
] Diffuse HII 9000 0.3 2% 8%
- Hot HII >106 <<1 - >50

Cox, D.P. ARAA 43, 2005, 337



Where does the [CII]
line come from?

| However first observatlons of Galactic star formation
regions (Russell et al. 1979):

»Line very bright: 2000 to 5000 L, < ~1% Lgg

» Indicated a much denser medium (2000 cm-)
associated with molecular clouds

1 Cuts across the Galactic plane indicated the molecular
ISM (Stacey et al. 1983, 1985, Shibai et al. 1991 )

» Scale height — similar to HIl and molecular
clouds

» Intensity — HIl and atomic clouds won’t work:
needed the dense molecular medium



Where does the [CII] line come from?
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Photodissociation Regions

emnssmn m the dust contmuumw polycycllc aromatlc
hydrocarbon (PAH)’s, far-IR F.S. lines (e.g. [CIl] 158 um
[Ol] 63 and 146 um), the H, rotational and ro-vibrational

transitions, and (deeper into the cloud) CO rotational
lines and the F.S. lines of [Cl] at 370 and 609 um

1 PDRs emission can dominate line and continuum
emission and even ISM mass in Galaxies.

- All HI gas, and much of the molecular ISM is in PDRs
(also known as photon dominated regions)



Photodissociation Regions

lonized hydrogen (HII)
regions surrounding
newly formed stars.

Photodissociation
regions form where ever
far-UV photons impinge
on neutral clouds




Structure of the PDR

Photodissociation Region

/\/ ' 1
* UV Flux > “ ?
Eg H* HH H  HH, H,
g J UV Flux » & ﬂ! QGO0 o9
-Sruct 1 : | 0 ﬁ' 0/0
| 5 ) i
: o) TudTs § |
» G far-UV (6-13.6 eV T —whw ek T =10- 10K
-3 2o i e s
ISRF [1.6x10~erg cm=s™'] ol 1l | |
» N: gas density N ‘ 10

. Typically, HI layer extends to - |
Av~1'2, or NHI s 2'4 X 1021 e N,(cm”) B
cm from the ionization front

- Far-UV pumped H, emission  Hollenbach and Tielens, Rev.
peaks at the HI/H, interface Mod. Physics 71, 173 (1999)




Structure of the PDR

- Photodissociation Region
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Heating of PDRs




Photoelectric Heating

~ & diffuse through grai
reaching the graln surface
they can escape if K.E. > the
work function of the grain, W,
and any Coulomb potential, ¢ ¢, - (hv-W o)

»Any excess K.E. is then
injected into the gas phase

Hollenbach and Tielens, Rev.
Mod. Physics 71, 173 (1999)




Photoelectric Heating

tlmes the fraction of the photon

energy that is carried away by
the electron:




Photoelectric Heating

Y~1/1 =0.1
» With typical far-UV energies of 10 eV, and a work function of

5 eV, the efficiency is therefore ~ 5%

-1 For smaller grains, the yield can be much larger and efficiencies
can be up to 15% - so smaller grains dominate the heating

 In general, efficiencies are far less due to grain charging



H, Heating

UV Pumping of H,

» Back to the vibrational hy % v
continuum of the ground 5”
electronic state (10 — 15% of \ § .
the time) — dissociation it

» Back to an excited vibrational no {E— bootoow

state of the ground electronic |,., -wsms o,
state (85 — 90% of the time) - tuy = (224 o,
radiative excitation




H, Heating

UV Pumping of H,

will cascade down, leading to
a characteristic near—lR ro-
vibrational spectrum

1 At high densities (n > 1045 cm- \
3) collisional de-excitation by —
hydrogen is important which " {%

"\
:'\f\/\,

™\ ‘/\"\, /-\\"/'\/

<
~

VAVAVAVE

i

10 - 15%
» Dissociation

\.

Collisional
heates the gas with efficiency |... " o peexclation, Healno

as Iarge as 4% t’Hz'( 2eV ) n,

12eV




Cooling of PDRs

» [Cl1 609 and 370 um
I And, by the molecular rotational lines of CO and H,

1 At the PDR surface the dominant coolants are [CII]
and [Ol]

1 The [Ol] line becomes progressively more important
at high gas densities due to its higher critical density

1 By measuring the cooling lines, we measure the
heating, hence G and n
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1 Correlation between [CIl] and CO(1-0) for Galactic star formation regions
and starburst nuclei: ratio ~ 4400 well explained by PDR models

1 Ratio is 3 times smaller for non-starburst galaxies and quiescent
molecular clouds = ratio is tracer of starformation activity



ISO Surveys: the [CII] “Deficit”

» High G and/or n
» Dust extinction ! _
> Self absorption in [CII] W ]

» Non-PDR sources of far-IR :
continuum I % _
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ISO “Normal Galaxies”
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Tight correlation between
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the [Ol] line ISO LWS: Malhotra et al. 1997, 2001




“Normal Galaxies”
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Important Goals for CCAT
Spectroscopy

CCAT will detec EII illior
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» What can we learn about large scale structure?

. Physical properties of the ISM — how do the tremendous
luminosities affect the natal ISM?

) Properties of the starburst itself — the apparent huge far-IR
luminosities of these sources imply a different mode of
star formation

» Was the IMF different?

» Were starbursts more intense, or did they occur over
larger scales?



What CCAT Offers with [CII]:
Redshifts

> The Ime is unique: One can show that for redshlfts
beyond 1, [CII] is unique enough to yield the redshift
» The line is the dominant coolant for much of the

interstellar medium, and is therefore a sensitive probe
of the physical parameters of the source.

> The line is readily detectable with CCAT over > 50%
of the redshift bands from 0.25 to 5.



Is [CII] as “good” as CO for
redshifts?

lines
» Net result is factor of 5 to 20 easier to detect a
redshifted [CII] line (with the same telescope) —

providing the starburst ratio applies
» And about equal if the ULIRG ratio applies

Off course, the real exciting physics is to get
both a set of CO lines and [CII]!



Is [CII] a unique redshift indicator?

D= very luminous systems (L, ;g > 1-2 x 1013 L)
J=> detect [CII] in longer A windows

Again, the most interesting physics arises from the
set of lines plus continua studies



CCAT [CII] Redshift Coverage
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Blain et al. 2002, Phys. Rep., 369, 111




>

detectable'

Note that for the Milky Way ratio,
the line to continuum ratio
(optimally resolved line) is ~ 5:1

Detectability

Now an optimized (R ~ 1000
spectrometer is 10 times less
sensitive than an optimized (R
~ 10) photometer

[ClI] Limits in terms of L, 5

Therefore, the line is detected
at only 2 times worse SNR
than the continuum in the
same integration time.

L(far-IR)
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and arly
nlverse

1 Submm 650 nd 850 GHz) grating spectrometer opimized for
extragalactic spectroscopy from z ~ 5 to the current epoch:
OR = MAN ~1200 () Bandwidth ~20 GHz { T,.(SSB) ~ 55K

1 Single beam at present, upgrade underway to 5 color (200,
350, 450, 610, 900 um bands), 40 GHz, 10, 9, 5 beam system

1 Primary spectral probes: submm & far-IR fine structure lines of
abundant elements and the mid-J CO rotational transitions



Primary Scientific Objectives

~ Whatregulates star formation in galaxies?
~! Probe star formation in the early Universe using

highly redshifted far-IR fine-structure line emission --
especially that of the 158 um [CII] line.

= How strong are starbursts in the early Universe?
1 Provide redshifts-for-SM&Gs;providing source
distance, luminosity, and calibrating photo-z

» What is the evolutionary history of starformation in the
Universe?



Design Criteria - 1

the [.?fi:-ll] Ime is transml‘ ted thrcugh the
short submllllmeter telluric windows with about 40%
coverage

1Atz ~1to 3, galaxies are essentially point sources to
current submillimeter telescopes a 5 to 9" beam @ 350
um) corresponds to about 60 kpc at z =1

) Therefore, we desire the best possible point source
sensitivity = we select a (spectrally multiplexing)

grating spectrometer



Desire R = AN ~ 1000
optimized for detection of

Atmospheric Transmission: Mauno Keg PWV: 0.60 mm

extragalactic lines 800 700 600 500 400
Operate near diffraction Wavelength (um)
limit: 80 ZEUS Windows

Maximizes sensitivity
to point sources

Minimizes grating size
for a given R

Long slit desirable
Spatial multiplexing

Correlated noise IR .
removal for point i

-~
R
S
C
0
0
n
7}
C
o
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sources Frequency (GHz)
Choose to operate in n= ZEUS spectral coverage superposed on
2,3,4,5, 9 orders which Mauna Kea windows on an excellent night

covers the 890, 610, 450,
350 and 200 um windows

respectively



ZEUS: Optical Path

There is a series of a scatter, quartz, 2 long A pass, and a
bandpass filter in series to achieve dark performance (P. Ade)

Total optical efficiency: ~ 30%, or 15% including bolometer DQE




ZEUS Optics

e

ll Echelle - j '

easy tum a (m|II| K) f lter

| .. wheel
k ColdHead (4l & & ! Optics are sized to
I accommodate up to a 12 x 64
: ; | | pixel array
}; | R N | » 12 spatial samples
g | N e AN » 64 spectral elements (> 6%
NE Pt | BYY)
Helium scction 8 » Sampled at 1 res. el./pixel
e v oo to maximize spectral
Interior of ZEUS with some baffles coverage

removed. The collimating mirror is hidden
behind the middle wall baffles.




ZEUS Detector Array

a Buﬂdl.ng ZEUS-ZEWI'(h”
TES sensed NIST
Arrays

> 10 x 24 — 215 um SHARC-2 CSO GSFC
» 9 x 40 — 350, 450 um
»5x 12 —-645, 800 um
1 Resonantly tuned
arrays — better
sensitivity
) Closed cycle
refrigerators




The [CII] in Star Forming Galaxies:
what can you do with a single line?
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surfaces of molecular clouds exposed to far-UV

radiation
1 The gas in PDRs is heated through photoelectric
heating

-1 About 1% of the incident UV starlight heats the gas,
which cools through FIR line emission

» Consistent with the observed [CII]/FIR ratio of
0.1% to 1%

1 Most of the rest comes out as far-IR continuum
down-converted by the dust in PDRs



[CllI]/far-IR Constrains G

i
Clerl

;ﬁj_\:"h.otoeleé"tﬁc effect
» Increased cooling in [Ol] 63 um
line
-1 More diffuse fields (like M82 and

the Milky Way) result in /larger
[Cll}/far-IR ratio, R

) Stronger fields e.g. the Orion PDR

R = CIIFIR
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Im ul
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—=—G = 10000
1.0E-05 T : ;
10E+02 1.0E+03 1.0E+04 1.0E+05
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have smaller R ~ 4 x 104, G, ~ 2 x
104

1 Therefore, we can use R to

[Cll})/far-IR continuum luminosity
ratio vs. density for various G (from
Kaufman 1999).

calculate G ~ 1/R



Detection of [CII] from MIPS
J142824.0 +352619

Bootes field survey selected for
compact, red objects with

optical counterparts (Borys et al.

2006)

» Optical/IR SEDs used to
select high z sources

» Optical/NIR spectroscopy
confirmed z = 1.325

» Detection at 350 um with

SHARC-Il on CSO and 850
um with SCUBA on JCMT

>
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0.01 .
1979 E -
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Rest—frame wavelength/um

MIPS J142824.0 SED (Borys et al. 2006)
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Properties

galaxnes or dlstant submm selected galames

1 Spectrum and far-IR — radio flux ratio consistent
with a super starburst galaxy

I Source is likely lensed by a foreground (z = 1.034
elliptical, but magnification < 10



Submm Continuum Imaging of
MIPS J142824.0 +352619

(a) GN20 890um Fraciiiy

P\
72\

Ax (arcsec)

! Imaged in the submm using the SMA
(lono et al. 2006)

» Submm source is unresolved and
offset 0.8” from the optical source
suggesting an interacting system

» Source size < 1.2




CO Lines from MIPS J142824.0
+352619
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ZEUS/CSO Detection

MIPS J142824.0+352619
[ClI] at z = 1.3249

| ZEUS/CSO
I Beam ~ 11 ;
D I[C"] = 9 K-km/SGC : J
OF,~1.0x107TWm2 AN i
O L,y ~2.8x10"Lg M
15 | | | | |
- -1000 -500 0 500 1000

V(LSR) w.r.t. z=1.3249
Hailey-Dunsheath et al. 2008



[Cll}/far-IR Constrains G

1.0E-02 -

N
/]

4

NN

a Afar R = L/(475D29) = 14 Starlight that

1.0E-04 75{60 =10
contributes to —— G =100
> I:)L 9.2 G’beut not G —o—G = 1000

jm |

|m ul
e

R = CIIFIR

DD =ye/(G-2y=3x103 — ~5-6= 10000
=Q =0 Q.. =0.3()? 10E+02 1.0E+03 10E+04 10E+05
=]~ 0.5" « 6 kpc Density
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ratio vs. density for various G

geometry indicates galaxy- (from Kaufman 1999).
wide starburst




PDR Analysis

MOLECULAR
CORE

= 4 (e.g

Wolf ire et al. 1990)

= Size ~ 3 kpc

1 Multiple clouds could
exist along the line of
sight decreasing the
effective size of the
starburst region further




CO Lines and [CII]

)CO

1 Ty

|l,¥

(1-0) 5
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» CO(3-2) ~ 6.9 x 1020
W m-

) Constrains G/n ~ 102

If G~ 2000, n~ 2 x 10°

n(cm-3)

“IR Toolshed” — Kaufman et al.



PDRs and the CO Line Ratios

[CI)/CO line ratio
G'=2000,n"~2x10°
1 So, a PDR model is

consistent with the CO and
[CII] lines =

Massive, galaxy wide
starburst as source of
power

G o

CO(3-2)/CO(2-1)

10

1

10* 10°

n(cm-3)
“IR Toolshed” — Kaufman et al.
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ZEUS [CII] Detection

C..\_i. .JE
_I Move it by M ~ 8 it . T «¢
becomes a luminous = *°[ i e
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-1 We have 2 other sources s<acs » ]
that fill in the higher L e o
regions 8 10 12 14

log Lyg (L)
Maiolino, R., et al. 2005



Galaxy Wide Starburst?
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\\/mll propagate across 10 kp»c in 3 X 107 yrs
» Comparable to the lifetime of a early B star
» Consistent with inferred G, ~ 1000-3000

! VLA interferometry of a sample of SMGs find a
median diameter of ~ 7 kpc (Chapman et al. 2004)

_l Millimeter interferometry of a sample of SMGs
find ~ half are resolved at ~ 4 kpc (Tacconi et al.
2006)
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How Much [CIl] from lonized Media?

» N** and C** take roughly the same energy photons to
form (~ 24, 28 eV)
» The 205 um line has the same critical density as [CII]
for ionized gas
= Predict the [CII] line modulo N/C abundance ratio
=> Line ratio is indicator of fraction of [ClI] from ionized gas

) Such ideas were used with the COBE data set, and with
less reliability with the ISO data set that only had access
to the [NIl] 122 um line with a different critical density



Example: [NIl] in Carina Nebula
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[NIl] and [CHI]
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Multiple Lines

d Other Imes are bright and of great interest:
Cll] 158 1

»

» [NII] 205 1/10 UV field hardness and

> [Nl 122 1/6 HIl region density

> [NII 57 1/10

» [Olll] 88 1 UV field hardness and

» [Olll] 52 1/2 HIl region density

i 8:} (1526 1;?0 } PDR _parameters,
density



Multiple Lines

1 Other lines are bright and of great interest:
Cll] 158 1
NIl 205 1/10
NII] 122 1/6
Ol 26 BB N/O abundance ratio:

Olll] 52 1/2

UV field hardness and
HIl region density

“Age of the ISM”

Ol] 63 1/2
Ol] 146 1/10 }

PDR parameters,
density

VVVVVVVYVY




10 x 24 200 um
array

‘0 4 bands (1.5 THz, 850,
650, 490 GHz)
simultaneously

3 5 lines simultaneously

O Imaging capability (9-10
beams)
0 CSO and APEX
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Multiple Beam Systems

acco 2 ms or more alt ong the sl
d Z-Spec can also accommodate mult|ple beams by
incorporating multiple models

1 Cameras will detect ~ 200 sources per field — could
follow up with say 10% of these in spectroscopy

) How to “pipe” the light
» Movable mirrors

» Dielectric fibers
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