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Outline

 Quick intro to extragalactic
astronomy

* Definition of the [CII] deficit and
why It Is a problem worth solving

 The KINGFISH and BtP Samples
 |solating [CII] by ISM phase

* TJesting the Causes of the Deficit

e Conclusions and Questigns Orion Constel!ation Wit.h Orion Nebula highlighted, ?n both optical and
infrared light (Image credit: NASA/Spitzer)
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Extragalactic -~ - st
Astronomy . i -

' ~ e

NGC7331 and Beyond. Image Credit R. Jay GaBany,
accessed through APQOD)



What do we know about galaxies?

e (Falaxies come in three

main types .

* The shape and color of
a galaxy can tell us - IRV
what’s happening inside dpied Irregular . . .

« Star formation in |
galaxies Is a major part 5 . -
of these differences —_—

~ESO 325-G004

SUTTER, DISSERTATION ﬁ
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http://HubbleSite.org

Inside a galaxy

» (Galaxies are made of stars, gas, Thin disk: stars/gas
dust, and dark matter Thick disk: stars

e Measurements of EM radiation
teach us about the components

* Observing galaxies in different
wavelengths give us a wide
range of information

Bulge: stars

¢
Halo: stars

Globular clusters

SUTTER, DISSERTATION




Microwave Infrared

Multiwavelength Whiflpbol Galaxy" 1

AN

1200-800 nm (10-3.6 um)
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© UV

X-Ray

! . pr— [FESS——

Gamma Ray

=

4,500 K

Optical
450-750 nm
6,000 K

9 & . '!w

COLD GAS: Radio waves reveal

regions of gas cool enough for

CO; molecules toexist.
. a9 e

<= COOL LOW ENERGY RADIATION

COOL STARS: Infrared shows
smaller cool red stars that
make up most of the galaxy.

. . .
®

soumd Optical light

—VI

comes from stars around the
size ofj:he Sun.
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LE LIGHT ==

K

Ultraviolet
400-200 nm
10,000 K

HOT STARS:

the larger hot blue stars that
are less frequent in galaxies.
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Ultraviolet shows

X-ray
100-10 nm
. 10,000,000 K

HOT HIGH ENERGY RADIATION

HOT GAS: X-rays are emitted
from the hottest regions of
gas where atoms are ionized.
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Galactic Ecosystem

* The gas and dust between stars is

Cold dense cores

Warmer rarefied medium

commonly referred to as the -
Interstellar Medium, or ISM Transition e il
* The ISM can be divided into ‘phases’ . POR cooling - 3
based on the ionization state of .. | .
hydrogen : ddeniines QLTI IR i
v | ~30-300K
4+ lonized, neutral, or molecular 7 vy Stk S ’
. . ad Tgas-‘O“K ’ Predominantly
« Star forming regions are surrounded R R -
by ionized gas in a Hll region, as well O ...oncions | RN s
as a layer of neutral gas, called a Wind blown bubble W' re&,., !  PDR Phase
PDR S -

SUTTER, DISSERTATION




« Star formation rate (SFR) is one of
the key indicators of galaxy
conditions

» Star formation occurs when gas
clouds becomes dense enough to
fragment and gravitationally
collapse

* Measured through detections of
high-energy light from young stars

+ UV light, Ha emission, etc.

SUTTER, DISSERTATION

Measuring Star Formation Rate

_

atomic-hydrogen

’ clouds
‘ Fig. 19.12a ‘
holt
bubbles molecular clouds
Fig. 19.6 Fig. 19.10
‘ Star-Gas-Star ’
Cycle
returning gas:
supernovae and star formation
' stellar winds Fig. 19.11
Fig. 19.5 stellar lives:

nuclear fusion/

heavy-element ‘
formation

Fig. 19.13

A model of the Star-Gas cycle in galaxies. Image credit: Pearson Education
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Measuring Star Formation Rate

« Star formation rate (SFR) is one of
the key indicators of galaxy
conditions

» Star formation occurs when gas
clouds becomes dense enough to
fragment and gravitationally
collapse

* Measured through detections of -
h'Qh'energy I'th from young Stars Optical and Ha images of galaxy NGC300. Image Credit: F. Bresolin, through

the MOSDEF Collaboration

+ UV light, Ha emission, etc.

SUTTER, DISSERTATION ﬂ
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Issue of Dust

* Dust in galaxies blocks and
scatters optical and UV light

4 can absorb and re-radiate
up to almost 100% of a

galaxy’s radiative energy

» Attenuation by dust needs to
be accounted for in optical
and UV SFR indicators

* Jypically done by measuring
infrared light emitted by warm

dust
Smoke in the air changes the color of the sky, similar to dust in galaxies. Image Credit: CBS News

SUTTER, DISSERTATION ﬂ
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Issue of Dust

* Dust in galaxies blocks and
scatters optical and UV light

______
8 e Y N
. ,0‘.0‘. ;;;;;

4 can absorb and re-radiate
up to almost 100% of a

galaxy’s radiative energy £

* Attenuation by dust needs to
be accounted for in optical
and UV SFR indicators

* Typically done by measuring G ARG
infrared light emitted by warm
dust

SUTTER, DISSERTATION ﬁ




Cosmic Star Formation History

Toda Early Universe ,
Y lookback time (Gyr) lookback time (Gyr)
02 4 6 8 10 12 02 4 6 8 10 12
U e : LG L L L L B B A :
-0.8 |- IR - o I : )
o i ] | i i
'a i - &—0.8 — -
More = 1= r B = I :
active 5 I Uv - Th -1.2 ~
>~ —1.6 & — i -
star. . —h_| ¢ - > I _
formatio = ) 016 = —
> -2 2 \@ -
N % v :
a —-2.4 %‘" - ] 80 ) i
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redshift dshift
The Cosmic Star Formation History without dust The Cosmic Star rl;irmsatilon History with dust
corrections. Image Credit: Madau, 2014 corrections. Image Credit: I\/Iadgu 2014
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Summary of Extragalactic Astronomy

e (Galaxies are awesome

» (Galaxies contain stars, gas, dust, and
dark matter, which we measure through
different types of EM radiation (or
gravitational effects)

e (Galactic environments can be divided
INto phases

« Star formation rate is an important
indicator of galaxy properties

M101 Image Credit: Hubble Legacy
SUTTER, DISSERTATION
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The IR SED of a star-forming galaxy. Image Credit: Kennicutt+2012
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ALMA [CIl] detections from z~6 quasars. Image Credit: Decarli+2018
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[CIl] Cooling

 [CII] is one of the major cooling
channels for the neutral ISM

* Collisions between electrons Gas
and hydrogen and C+ convert
Kinetic energy to 158 um
photons

* Long-wavelength photons
escape dense PDRs, carrying
energy out of the ISM

H/Hj/e
* |f heating by young stars is
balanced by cooling from [ClII],
[Cll] should trace SFR

SUTTER, DISSERTATION ﬂ
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Local star-forming galaxies
(KINGFISH)

* Decreasing trend in [ClI}/TIR in PR
more actively star-forming galaxies ;

High-z galaxies (multiple |

X
» Especially detrimental to efforts to %
use [Cll] as SFR =
o

]

HZ10 sources)
I e, HDF850.
010 - ® 4* Y ALESS73.1 —
* Indicative of poorly understood BRI0952-01150 - HLsaoms :

underlying physical processes In

the ISM SDP”t R

HFLSS3
BRI10952-0115ab

0-01 lllll | llllllll | llllllll | llllllll 1 llllllll 1 llllllll 1 llllllll
0.001 0.01 0.1 10 100 1000

Z(SFR) (Msolar/yr/kpcz)

The [CIllI] Deficit across a range of galaxy types and redshift. Image
credit: Smith+2017
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Determining the Cause
of the [CII] Deficit in o
the KINGFISH and BtP ' ..
Samples .




The KINGFISH and BtP Surveys

Kingfish (Key Insights on Nearby Galaxies:
a Far-Infrared Survey with Herschel)

- KINGFISH: Key Insights in Nearby vfrared Survey wih Hers
Galaxies: a Far Infrared Survey il e
with Herschel

* BtP: Beyond the Peak

* Nearby, Star-forming galaxies
+ D~ 3-30Mpc
+7Z~0.2520-12Zs

SUTTER, DISSERTATION ﬂ
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[CIl] & [NII] 205 ym Measurements

* 31 star-forming regions in 28 galaxies
targeted using PACS-Spec on Herschel

» 20 regions further mapped at 205 microns
using SPIRE on Herschel, targeting more
quiescent areas around SF regions

* Physical sizes of 11”7 PSF ranges from
200-2000 pc

SUTTER, DISSERTATION ﬁ
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* [P Carbon: 11.3 eV
* I[P Nitrogen: 14.5 eV

4 C+ can exist in both ionized and
neutral phases of the ISM

+ N+ will primarily exist in the ionized
phases of the ISM

4+ We can therefore use the ratio of [CII]/
[INIl] to isolate the [CIl] emission from
ionized and neutral phases of the ISM

SUTTER, DISSERTATION

Separating by ISM Phase_

Hil

"\ Region:

collisons

: . from e

. ¥ :
g -
'.".‘ |

' Diffuse Gas (limited
8 amounts of C*, N*)

Simple representation of an HIl region

-
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Separating by ISM Phase

10% e -
* [P Carbon: 11.3 eV | "
- IP Nitrogen: 14.5 eV ' T
4+ C+ can exist in both ionized and < ol e
neutral phases of the ISM R S L TRE
4+ N+ will primarily exist in the ionized S
phases of the ISM NiiT205
100! -=-- [NII] 122 pym \\ _
+We can therefore use the ratio of [Cll]/ 1 B sPRE
[NII] to isolate the [Cll] emission from 107 10° 10! 102 103
ionized and neutral phases of the ISM n. (cm™)

[CII] 158 micron to [NIl] line ratios as a function of ne,
determined using the [NIl] line ratio. Image Credit

SUTTER, DISSERTATION Sutter+2021 ﬂ
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The [CIl] Deficit

Total [ClI] Emission

Greater
Deficits

Log10[ClI]rota/TIR

All Individual
Inner
Outer
+ KINGFISH, Inner
KINGFISH, Outer
BtP
BtP, Inner
-+ BtP, Outer
1 2 3
vf,(70um) / vf,(160um)

The ISM-Phase Isolated [ClI] Deficit. Image Credit:

SUTTER, DISSERTATION

Log10[Cll]ionized/TIR

onized-Phase [CIll] Emission

1 2 3
vf,(70um) / vf,(160um)

Log10[Cll]neutrat/TIR
"
3

Neutral-Phase [CIl] Emission

_1,_
i
PR - ﬁ—;.‘jzl
_-*j% *‘*“_H .‘:+ '
S Sume
SEN
=

+

[More Actively Star Forming]

Hotter Dust

1 2 3
vf,(70um) / vf,(160um)

Sutter+2019
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[CIl] and SFR

Total [CIl] Emission lonized-Phase [Cll] Emission Neutral-Phase [CIl] Emission

A ' A I A ' ' ' I A A A A l ' ' ' A I A ' A ' l ' A A ' ' l ' ' A l A ' ' ' l ' A A A I ' ' A A l llllll l A A ' A I ' ' A A l ' ' ' ' l A A A ' I ' '
R R

1 == = Inner
Outer
With GOALS
KINGFISH, Inner ®
KINGFISH, Outer
BtP

BtP, Inner
BtP, Outer
GOALS
High z

e S w
R
++++ 4+ |

o)

10g10(SFR) (FUV+24um) Moyr—2

I
-
i
%
K

39 40 41 42 42 43 39 40 41 42 43

log10([CII], Total) erg s~1 log10([CII], Ionized) erg s~? log10([CII], Neutral) erg s~*

The ISM-Phase Isolated [CII]-SFR relationship. Image Credit: Sutter+2019
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Dividing TIR

» Using CIGALE SED fitting, TIR can

also be ISM phase-separated
° f (Ldust; U > Uc) — yln(UmaX/ Uc)

(1 _ }/)(1 R Umin/ Umax) yln(Umin/ Umax)

* Uc set to Stromgren Radius U
value

SUTTER, DISSERTATION

Best model for ngc7331nucatz=0 Reduced x°=1.96

Flux [m)y]

Stellar attenuated
---- Stellar unattenuated
Nebular emission

o —— Dust emission
—— Model spectrum

® Model fluxes
[I1 Observed fluxes

=
o
o

9
=0
1 1 1 IIII 1 LIIIIIII 1 1 IIIIIII 1 Ll L1l

mefe= (Obs-Mod)/Obs

Relative residual flux
o

Observed wavelength [um]

1071 10° 101 102 103 104

10°




Thermalization in lonized ISM

HIl Regions PDRs

* Drop in [CH]/TIR from el ~a |l Pern(C \’AI |
ionized phases along Nerit i j j L

o ' Theoretical g | E—— |

_ £ __J—_‘_'—l‘\ | Predictions§ | e o
» Data follow theoretical 2 ool et I ool 55 5 :

predictions = i - B -

% : % | i;,; I

. 5 5 ‘] |

- Could play important g-05 i §-0s * ,

factor in deficit observed & | S j

in this limited sample : R : |

> —1.01 : - —1.0-_- L ‘ |

4 lonized fraction is only i ey ]
~20-30% of [CII] : | s BRSPIRE $
typ|ca||y ~1 0 Logllone 2 3 1.0 1. 2. Loglogl;s 3.0 3.5

SUTTER, DISSERTATION ﬂ
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Correcting for Thermalization

1.5‘ | 1.5‘ —
| | . 2.5
1.0j- T 1.0-_-
2.0
0.5+ 0.5+
,s: ?: 1.5
2 | e |
® ®
0.0+ - 0.0+
z 00 'z 00 3
= N 1.0 &
o L (=
N W S
S -0.5 - 8-0.5 o
2 2
-1.0- -1.0+
0.0
—-1.57 -1.57
<a <5 -0.5
| X | =
-20——m——m——4+— 20—
39.5 40.0 40.5 41.0 41.5 42.0 39.5 40.0 40.5 41.0 41.5 42.0
Log1oL([CII]) (erg/s) Logi1oL([CII]) (erg/s) Corrected 2

SUTTER, DISSERTATION

L([CIl]) as a SFR indicator, before and after corrections for thermalization. Sutter+2021, in prep.
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Other pOtentiaI eﬁeCts & KINGFISH PACS o 1 . |
| 4 BLP, SPIRE ‘%ﬁg % |

~2.4- B % A
* Seven proposed causes of the deficit are ﬁ Hﬁ? E::F -

tested

|
N
=)
It
[
+
%_‘_

 Qualitatively rule out dust absorption, self
absorption, higher fractions of C++/C+, [Ol]
cooling

Log 1o ([CITJ/TIR) Neutral
Lol
S o)
. | ._ | /\|< : /II

| T

* Some indication that changes in
photoelectric heating efficiency play a role

—FK
e Limits of the KINGFISH sample make it -2 i ,
likely other causes have a significant effect 3.6 -24 22 -3.0 -18 -1.6 -14
in more eXtreme cases LogoPhotoelectric Heating Efficiency

[CII)/TIR from the neutral ISM as a function of photoelectric heating
efficiency. Sutter+2021, in prep

SUTTER, DISSERTATION ﬂ
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Conclus
Future Work

LMC, Image Credit Carlos Fairbairn



Conclusions

Thanks to:

* For the normal, star-forming galaxies of the
KINGFISH survey, the [CII] deficit mainly occurs in
lonized phases of the ISM

Funding from the NASA Earth and
Space Science Fellowship

* This could be partially due to thermalization of the

[Cll] line in HIl regions
The Herschel Space Observatory

* Correcting for thermalization tightens relationship
between L([Cll]) and SFR in more actively star-
forming regions

and the wonderful KINGFISH and
WEGOAT Teams!

* We should consider this when analyzing [CII]
detections from high-z galaxies

E..
* Further studies of the [Cll] emission from the LMC G-
and SMC are planned as part of the COLD-Z project A

SUTTER, DISSERTATION on ﬁ
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Additional Slides
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Hot Star(s) or ISRF

Photodissociation Region

_‘/\/ .

UV Flux -
H HM H  HH, H,
UV Elux C'/C/ICO CO ‘
O/0,
: Tgas>Tgr
UV Flux - T, = 102 - 10° K

AA.<0.1 1 A, (magnitudes) .
I —
2X10™ 2X10%

N, (cm™)
PDR Slab Diagram. Image Credit Tielens 2015
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frciy, Neutral

0.0;

1.0-

S
>

&
e

o
) ¥ - w --
+_+‘ b | ':l 11 . 'f
-+ S e SR ! : |
3 == +
‘-’Té;t:--‘g?- *
I
n-.. : il r
t:[ i .ﬁ“ i_‘:if | I
—y— _,_.
I — .
_.._
4+ KINGFISH, PACS
BtP, SPIRE
—+ Croxall+2017
1 2 3 4 5

vf,(70um) / vf,(160um)

UNIVERSITY
or WYOMING




-3.0 1

|
w
w1

I

S

e
ot

)

Log10[NII] 205pum/TIR

|
=
3

i
slope: -0.392+0.105 \

rms: 0.19 dex

| — fit

+ KINGFISH, PACS
BtP, SPIRE

<4 Binned average

|
7!
=

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

1.0 1.5 2.0 2.5 3.0 3.5
vf,(70um) / vf,(160Lm)

SUTTER, DISSERTATION ﬂ

UNIVERSITY
or WYOMING




e Theoretical Predictions of Thermalization

4

L([CII], n < Nepip) = §7T R?’nenc+7[CII]E158

[CH] B n[CII]V[OII]Elss

TIR B ne()éEyvf[R .

CII)
TIR 0.13

SUTTER, DISSERTATION

L(TIR) — NLyEUVfIR

4
NLy = §7rR3nga

4

L([CI], n > news) = =mR°nicryyiorn Eiss-

3

ICII]  ncmneitYicrnEiss

TIR B ’n,g()éEyvfIR

[CII] B O.].S'ncrit

TIR  n,
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(c) Interaction/"Merger”

NGC 4676

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

- SFR starts to increase

- stellar winds dominate feedback

- rarely excite Q30s (only special orbits)

(b) “Small Group”

(d) Coalescence/(U)LIRG

M)

Y

NGO 6B

- galaxies coalesce: viclent relaxation in core
- gas inflows to center:
starburst & buried (X-ray) AGN
- starburst dominates luminosity/feedback,
but, total stellar mass formed is small

IRAS Quasar Hoses

(e) “Blowout”

- BH grows rapidly: briefly
dominates luminosity/feedback
- remaining dust/gas expelled
- get reddened (but not Type ) Q50
recent/ongoing SF in host
high Eddington ratios
merger sggnatures soll visible

PO Quasar Hosts

- dust removed: now a “tradiiomal” QSO

- host morphology difficult to observe:
vdal features fade rapidly

- characterisucally blue/young spheroid

(g) Decay/K+A

e 1000 _{ ' N
£ F <
. = 100k 3
" . S x
= -} = s
® "
— -
- halo accretes similar-mass E 1 !- - QS0 luminosity fades rapedly
companion(s) W - - tidal features visible only with
- Can occur over a wide mass range r very deep cbservanons
- Muao still similar to before: 0. F . - remnant reddens rapidly (E+A/K+A)

dynamical friction merges
the subhalos efficiently

(a) Isolated Disk

MK

- halo & disk grow, most stars formed
SUTTER! DISSERTATION. secular growth builds bars & pseudobulges

- “Seyfert” fueling (AGN with Ma>-23)
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«"hot halo™ from feedback
- sets up quasi-statc cooling

(h) “Dead” Elliptical

MSY

- star formation terminated

- large BH/spheroid - efficient feedback

- halo grows to “large group ™ scales:
mergers become nefficent

- cannot redden to the red sequence growth by “dry” mergers
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