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Why Extreme?

Most star formation in Universe appears to follow simple
rules

owever In extreme environments, these rules are either
altered or harder to determine

Star formation in these environments therefore give clues
on the underlying physics of star formation

At their core, it is the physics of the ISM diving these
differences

DISCLAIMERI!! - this is a rapid view with biases, there is
much more out there!



Extreme Environments?

Arp220
Hubble

What are extreme
environments? -

* Environments outside the .
norm 5 '

ULIRGs
Starbursts
AGN

Kinematically disturbed
regimes -




Overview

ULIRGs (a historical perspective & recent update)
Starbursts

Kennicutt-Schmidt relation

The ISM of Starbursts/ULIRGS

AGN & their ISM

Outflows

Star formation & ISM in kinematically disturbbed regions
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Extremely bright

Since the advent of IR, . - | .. - M82
some galaxies found to emit -« ' ‘
more in IR than optical |
(Riecke & Lebofsky 1979)

Some were known quasars
or clear AGN

Others were found to host a
remarkaple amount|Of Stal= S ———————
formation activity PR N SR TS

These are the first
“Starbursts” e

Image courtesy NASA



ULIRGS

Markarian 231 e Ultra Luminous InfraRed
g Galaxies (ULIRGs): Lir > 10712

e (|_|RG|S > 1011 L@,
HyLIRGS > 1013 Lo, SMGs...)

e |ocally found earlier (Riecke
& Lebofsky 1979) but many
found with advent of IRAS
(Houck et al. 1985)

 Most Luminous (non-
transient) sources in Universe

@

e See early review of ULIRGs

Credit: NASA, ESA, the Hubble Heritage (STScl/AURA)- Sanders & Mirabel (1996)
ESA/Hubble Collaboration, and A. Evans (University of

Virginia, Charlottesville/NRAO/Stony Brook University)


https://ned.ipac.caltech.edu/level5/Sept06/Lonsdale/Lonsdale_refs.html#hou85

Physics of ULIRGs

|2H MEGAMASERS
BROAD HI ABSORPTION
| I [ B %) L | l 1 | | K] [ I I l

10 100
log  Lgir/Lp

[

Sanders &
Mirabel+1996




ULIRGS

* Locally most ULIRGs are
mergers or interactions

* At higher z, evolution of typical
SFR means some non-merger
ULIRGs found

e Strong evolution with redshift
(Lir ~ (14+2)%), but linked to
evolution of star formation rate

IRAS 60um

* While bright, they are rare; only
~3% of total energy density
(6% IR energy density;
Lonsdale, Farrah & Smith 2006)

* At high z see review Casey,
Narayanan’ COOray’ 2014. Lonsdale, Farrah, Smith (2006)




ULIRGS

Locally most ULIRGs are
mergers or interactions

At higher z, evolution of
typical SFR means some

non-merger ULIRGs founa

Issues are optical depth

UV originates different
sites

ID heating mechanism
hard

IRAS 0857243915

-

081w

1.00% 22 pm

.

N

0.44 pm

1.2

8 m

Lonsdale, Farrah, Smith (2006)



https://ned.ipac.caltech.edu/cgi-bin/objsearch?objname=IRAS+08572%2B3915&extend=no&out_csys=Equatorial&out_equinox=J2000.0&obj_sort=RA+or+Longitude&of=pre_text&zv_breaker=30000.0&list_limit=5&img_stamp=YES

Heating the monsters

 Most ULIRGs heating can be + i *  NGCo6240
identified with optical/NIR lines: ' o

* All have significant SFR, but AGN

fraction high (> 25%) and increases-
with Lig

e AGN also have warmer mid-IR Colour.s

* However some ULIRGs have A, > 60! -
» Can even be Thompson thick (x-rays) s '

 GOALS survey has overview of
identifying ULIRGs (Armus+2009) .

* Next PUMA: Physics of ULIRGS with.
MUSE & ALMA (Perna,Arribas+21)

Credit: NASA; ESA, the Hub.bl'e Heritage (STScl/AURA)-
ESA/Hubble Collaboration, and A. Evans (University of
Virginia, Charlottesville/NRAO/Stony Brook University)



https://goals.ipac.caltech.edu/

Measuring SFR in ULIRGs

NGC 6240  SFRs in ULIRGs are easy &
nard

e Basically pertect bolometers
e Lir ~ SFR

Groves+2008

logvF, (ergs-1)

e Main issue - what fraction

of heating by stars or
AGN?




Drivers?

v Arp220
* High gas masses and ~ . . Hubble
densities dlstmgwsh ULIRGs -
(mostly Hy) -

* Mergers/interactions drive
gas to centres

* Lead to AGN & high SFRs

e High gas/dust columns .
process light to IR ->"ULIRGs

* At high z, high SFRs at high
mass can lead to ULIRGs,
but not merger driven



Why ULIRGSs?

Extreme monsters
High gas densities & High SFRs (> 1000 Mg/yr!)

Warm H2 (NIR lines observed)

Shocks ([Fell] and Hz observed in NIR, strong gas flows)
AGN

Compact (high surface brightness)

High optical depths (even to IR!)

Luminosity means visible across cosmic time (plus
negative k-correction)




Why not ULIRGs?

Extreme monsters (limited number)
Huge optical depths make diagnostics hard

Shocks, high densities, AGN & obscuration mean Xco &
densities uncertain

—ractional contribution of AGN mean SFR uncertain
ow to study star formation when its hard to see?




Why not ULIRGs?

Extreme monsters (limited number)
Huge optical depths make diagnostics hard

Shocks, high densities, AGN & obscuration mean Xco &
densities uncertain

—ractional contribution of AGN mean SFR uncertain

ow to study star formation when its hard to see?

 ULIRGs are complex & rare

* While part of the next discussion I'll split these into
Starbursts and AGN, but remember that ULIRGs will be
IN both
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Starbursts

e Starbursts are places
with excessive star
formation

NGC253

e This can either be global
- oras density

* [n nearby galaxies
typically manifests as
circumnuclear rings or
starbursts

e« But what's “excessive”?

Credit: ESO (WFI & NACO)



Starbursts

* Most star-forming SDSS-DR4
galaxies tollow a relation
between Mx and SFR

(“Main-Sequence”)

Brinchmann+2004

D. Dale talk yesterday



Starbursts

Most star-forming

galaxies tollow a relation
between Mx and SFR
(“Main-Sequence”)

Many fall below this
(Passive/Quenched)

But some have much
higher star formation

These are Starbursts

—
—
IL..
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O]
=
oc
L
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(@)
o

A Max frequency SFR in mass bin
we— Curved SFMS fit

== = Linear SFMS fit

m = Leslie et al. (2020, z=0)

100 105
log (M.[Ms])

Fraser-McKelvie+2021

11.0 11.5 12.0

D. Dale talk yesterday



I Starbursts

10 < log(M,/Mg) < 10.33 10.67 < log(M,/M,) < 11
10.33 < log(M,/M,) < 10.67 11 < log(M,/M,) < 11.5

AR (SSFR)ys, Oyg) =
(1 0, 0.188%7 903

o Simplistically, Starbursts
have excessive SFR
(either as a function of
mass or 2nx*)

e Afew % relative to MS
galaxies

i
<
v
o
N
Z
Z
N
.

r | * Are gas rich & increased
(Asafﬁus’ log (‘5 s/ (sSFR),.)* OsB) Wk extinction

1 ; |
0:0086 0.06 0.078
(0.031 :b.oo4' O.‘59fo_13- 0-243fo.047’)

1

SSFR/(SSFR),q

Sargent+2012



Variation in the main-sequence

MAGPHYS N 1.26, Kurt=5.50, ¢

Skew=-1.15, Kurt=5.51,
Skew=-1.39, Kurt=6.45

Skew=-1.62, Kurt=6.02,

« Given uncertainty
Wlth MS and ——""'i“‘*\ m Skew=-0.85, Kurt=7.26, SD=0.49

! ~ Skew=-0.42, Kurt=5.68, SD=0.46

Skew=-0.39, Kurt=5.11, SD=0.44

dispersion exact P TN et s 500
definition of SBs AN
malleable

Offest SFS, dex

GAMA/DEVILS sample Davies+2019




Variation in the main-sequence

—

_ s |
© 0.4<2<0.55 i L

Intrinsic

O 8D
Interquartile range

LI | lllllll
| L | llll”l

T T TTTTrT
I lllll”l

r[

-
-
e e o -
—
-
-

T T TTTTT
mramses——

1 I lllllll
b ol TII1III

I
[

] lllllll 1 I lllllll

:l 1 lIlllI lllllll 1 | | IllllI
10° 10° 1010 10° g™
Stellar Mass, Mg Stellar Mass, Mg

GAMA/DEVILS sample Davies+2022




Excess SFR aries with z

p Qe e, e e e e e e e e [ o e e e e et e e e e e e

N =1,914 SFGs, log(M. > 10) N = 2,044 SFGs

w

11
log(M_/My)

04 0.6
log(1 + 2)



Variation of Gas over MS

e Globally we see fri=Mni/Mx
decrease with increasing

.
)
v
P

O]
2
&
L,
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o
R

-1.5 1.0 -05
Iong2

10.0 10.5 i . ! . 10.0 10.5 g . ) 3 10.0 10.5 11.0 11.
log(M,)) (My) log(M,)) (M) log(M,)) (M)

XCOLDGASS Saintonge, Catinella+ (2022)



Variation of Gas over MS

Globally we see fi=Mui/Mx
decrease with increasing

.
)
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R

10.0 10.5
log(M,)) (My)

XCOLDGASS

* But fue=Mn2/Mx increasing
with increasing SFR at
same Mx

-20 -15 1.0 -05
log sz

10.0 10.5 11.0 . : . 10.0 10.5 11.0 11.
log(M,) (M) log(M,) (M)

Saintonge, Catinella+ (2022)



Resolved Main-Sequence

e The star forming main
sequence also appears at
resolved scales (~kpc)

CALIFA: Cano-Diaz+2020



Resolved Main-Sequence

i Arrow Angle . :
0—9.9+0.8° Bl - The star forming main

seguence also appears at
resolved scales (~kpc)

e However this appears
mostly to be driven by the
2H2 -2 % Ielation

ODR

.“ 1.4 unxl.
u‘ 11' | |(

—_—

T (l.1

ALI\/IA/I\/IaNGA.Baker+2022



Resolved Main-Sequence
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logZ. [Mgkpc™2] logZ. [Mokpc™2]

Pessa+ (2022)

 We also start to see
variation in these relations
as a function of galactic
environment



Resolved Starbursts

Note going forward:

Starbursts (N=112)
® Spirals (N=153)

| tend to interchange
global & resolved
starbursts

However generally global
== |local starburst

But resolved =/= global

For nearby galaxies, we're
limited by small number of
global starbursts

Log SFR [Mg y~!
Kennicutt & De Los Reyes (2021)



Resolved Starbursts

NGC1097
* ‘Resolved' Starbursts in nearby i

galaxies tend to be
circumnuclear

* Located in barred or interacting i |
galaxies

e Bars or interactions drive gas
into centre (e.g. Sormani+2023
for NGC1097)

 Examples are NGC253, M82,
NGC1365...

» Also associated with AGN -8 Sow. il |
(NGC1365, NGC1068, T
NGC1097...) "

Credit: ESO (VIMOS & ERIS)
T




Resolved Starbursts

NGC1097

* ‘Resolved' Starbursts in nearby
galaxies tend to be
circumnuclear

» Located in barred or interacting
galaxies

e Bars or interactions drive gas
into centre (e.g. Sormani+2023
for NGC1097)

 Examples are NGC253, M82,
NGC1365...

e Also associated with AGN
(NGC1365, NGC1068,
NGC1097...)

Credit: ESO (VIMOS & ERIS)
| |
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Kennicutt-Schmidt relation

e First put forward by Schmidt
(1959) the relation between
gas and stars has proven
remarkably tight.

e Kennicutt (1998) put it
together using nearby
galaxies, including (nuclear)
starbursts (squares)

* Depletion time Tqgep= Gas/SFR
o SF Efficiency = SFR*At/Gas

Kennicutt+ (1998)

2 3 4 5
-2
I—‘og Zgas (MO pC )




Kennicutt-Schmidt relation

* Heracles pushed this to , /
kpC SCaleS Wlth /.//Birmed 1 kp/c/doto (this/ﬁc;per)

/7 . o /
® Binned litérature data,”
/7 /7

Bigiel+2008,201"

e Finding a tight relation with
constant depletion times
of few x 109 yr

e PHANGS (Sun+2023 has
only confirmed this)

/7
107~
/7

109410 2y [Me pC_2]

Bigiel+ (2011)



Kennicutt-Schmidt on kpc scales

" Fiducial

Contours+limits:

Fiducial only

—

Fiducial

+1.7
010 EPL—O—

-
l A A A

Sun+ (2023)

102




Kennicutt-Schmidt on kpc scales

* Heracles pushed this to , /
kpC SCaleS Wlth /.//Birmed 1 kp/c/doto (this/ﬁc;per)

/7 . o /
® Binned litérature data,”
/7 /7

Bigiel+2008,201"

e Finding a tight relation with
constant depletion times
of few x 109 yr

« PHANGS (Sun+ has only
confirmed this)

o | BT

109410 2y [Me pC_2]

Bigiel+ (2011)



Kennicutt-Schmidt on kpc scales

- M51 (Kennicutt et al. 07) — Apertures

® M51 (Schuster et al. 07), NGC4736 & NGC5055 (Wong & Blitz 02)
NGC6946 (Crosthwaite & Turner 07) — Radial Profiles .

* Non—starburst Spirals (Kennicutt 98) — Global
A Starburst Galaxies (Kennicutt 98) — Global
¢ LSB galaxies (Wyder et al., in prep.) — Global

1 2 3
09 Ty [Me pc”’] B|g|e|+ (2008)




Kennicutt-Schmidt on kpc scales

- M51 (Kennicutt et al. 07) — Apertures

® M51 (Schuster et al. 07), NGC4736 & NGC5055 (Wong & Blitz 02)
NGC6946 (Crosthwaite & Turner 07) — Radial Profiles .

* Non—starburst Spirals (Kennicutt 98) — Global
A Starburst Galaxies (Kennicutt 98) — Global
¢ LSB galaxies (Wyder et al., in prep.) — Global

1 2 3
09 Ty [Me pc”’] B|g|e|+ (2008)




Kennicutt-Schmidt on kpc scales

- M51 (Kennicutt et al. 07) — Apertures

® M51 (Schuster et al. 07), NGC4736 & NGC5055 (Wong & Blitz 02)
NGC6946 (Crosthwaite & Turner 07) — Radial Profiles .

* Non—starburst Spirals (Kennicutt 98) — Global
A Starburst Galaxies (Kennicutt 98) — Global
¢ LSB galaxies (Wyder et al., in prep.) — Global

“§Normal§’

1 2 3
09 Ty [Me pc”’] B|g|e|+ (2008)




Kennicutt-Schmidt on kpc scales

- M51 (Kennicutt et al. 07) — Apertures

® M51 (Schuster et al. 07), NGC4736 & NGC5055 (Wong & Blitz 02)
NGC6946 (Crosthwaite & Turner 07) — Radial Profiles .

* Non—starburst Spirals (Kennicutt 98) — Global
A Starburst Galaxies (Kennicutt 98) — Global
¢ LSB galaxies (Wyder et al., in prep.) — Global

A
>

Starburst

“§Normal§’

1 2 3
09 Ty [Me pc”’] B|g|e|+ (2008)




Kennicutt-Schmidt on kpc scales

IRAS17208
Arp220
[RAS13120
NGC3256
NGC7469

T > T

"*Resolved
ULIRGS

log(A) = 0.97p {
log(zp) = 2 ‘)+
ao = 1. H—l“L:; ((),(‘)

- ())

[RAS17208
Arp220
IRAS13120
NGC3256
NGC7469

flz) = A(z/x0)"

log(A) = 12719
log(zo) = 3.1751

+0.08
= ]. | ; —~0.07

3.0 3. 4.()




Kennicutt-Schmidt on kpc scales

Starbursts (N=112)
-4~ Spirals (N=153)

Local

—— Unweighted: y=(1.501002)2-3.87+0-94
95% confidence interval
=== Linmix: y=(1.5410-22)5-3.95100 5=0.27

2 3

Log Yuiin, [Me pe
Kennicutt & De Los Reyes (2021)




Kennicutt-Schmidt on kpc scales

[Mg yr

o
(>
7
N
a
oT)
£

Daddi+ (2010)



Kennicutt-Schmidt on kpc scales

%
&

local+high-z ¢

Daddi+ (2010)



Kennicutt-Schmidt & starbursts

Kennicutt-Schmit relation: more gas = more stars
Similar efficiency across normal galaxy disks
Yet starbursts offset? Steeper relation”

SFRs are fairly robust in ULIRGs given most comes out in IR
(and AGN removed) but still matching normal and burst hard

 |IMF concerns?
But Gas densities?
What about Sizes”? (Not all are “resolved”)

Kennicutt & De Los Reyes (2021) very good discussion on
these issues



Varying dco

e |t's been Bimodal X ontinuous X
accepted for a
while that
relation
between CO
Intensity and
H2 column
varies in
Starbursts

A
-~
®
—
-
-
=
X

e Must be lower
than MW
conversion

» See Bolatto+13
fOI’ diSCUSSiOﬂ 0" 10 10" 10* 10° 10° 10° 10 10" 10* 10° 10* 10° 10" 100 10 100 100 10°

\v(‘() (K'kn] S ]) Z:mi 2as (Nl ®PC :) Zuwl £as ( M ®PC 2.)

Naranyan+ (2012)

Also J. Roman-Duval talk



Dust -based evidence of aco

1.5 2.5
log (Z«cos(i)) (Me pc™®)

—— NGC3351
—o— NGC3627
—s— NGC4321

I 1 I

02 04 06 08 10 12 1.4
Galactocentric Radius (kpc)

Teng+ (2023)

log (Zgem cos(i)) (Mo yr™ kpe™)

Sandstrom+ (2013)




Varying dco

Starbursts (N=112) Bolatto+13 X (CO)
4 Spirals (N=153) ’ ‘_ Starbursts (N=35)
' <4 Spirals (N=153)

—— Unweighted: y=(1.501992)2-3.87+0:04 ‘ ‘ — Unweighted: y=(1.92"03)2-4.29"0:0
95% confidence interval 4 95% confidence interval
=== Linmix: y=(1.541002)5-3.95t08 5=0.27 — -~ Linmix: y=(1.931008)z-4.341) (3, 0=0.36

> 3 > 3
Log Yuin, [Me pc—? Log Yurrn, [Mo pe?

Kennicutt & De Los Reyes (2021)




Varying dco

a(CO) =1 Bolatto+13 X (CO)
Starbursts (N=112) ‘_ Starbursts (N=35)
4~ Spirals (N=153) <4 Spirals (N=153)

— Unweighted: y=(1.92"03)2-4.29"0:0
95% confidence interval
— —~ Linmix: y=(1.93100%)z-4.341508, 0=0.36

Kennicutt & De Los Reyes (2021)



Resolving the regions

Direct (N=60)
—— Unweighted: y=(1.017009)z-2.397023

- e ~+0.10 .. ¢ +0.27
—— — IJlIlII]lX. y—(l.l ‘7009)1;‘2.8470‘29. o=

0  Indirect (N=52)
— Unweighted: y=(().91:8:{{):L'—Q.()lf&gle

——~ Linmix: y=(1.167013)2-2.747035, 0=0.14

—— Unweighted: y=(0.51"55

— == Linmix: y=(0.7570:33)2-1.8270:25, 0=0.26

Local (N=23)

r-1.91+064

0.21
’ ) —0.55

0 LIRG (N=89)
— Unweighted: y=(().98f8:8§)a:—2.21:8:32

i LANINIX -y:(1.15“:8:82)37-2.7131"8:33, 0=0.13

Kennicutt & De Los Reyes (2021)



All evidence suggests ULIRGs more

efficient at Star

Starbursts (N=112)
Spirals (N=159)

1 0
Log SFR

formation

N9

10.0¢

Kennicutt & De Los Reyes (2021)




Even using dust offset seen

Clear evidence that aco Starbursts (N=76)
—— Unweighted: y=(0.95100%)2-0.2510-07

— —— Linmix: y=(0.957008)2-0.257007, 0=0.27

varies within and
between galaxies

Oco lower In starbursts

Offset with 2gas likely
due to HI ->H>»
differences

Evidence that SF more :
efficient in ULIRGs Spirals (N=T76)
(Tdep(H2) |O\Ner) Unweighted: y=(1.29"79)z-1.197 59

- — = Linmix: y:(l.29f8:(])'8):1:—1.19f8:88, 0=0.32

Why?

see M. Chevance Talk

Kennicutt & De Los Reyes (2021)



Even in ‘'normal’ galaxies, offsets seen

1 Disk
7! Sp.arm
Bar
Ring
1 Center
1 Al

C.
PHANGS: Pessa+ (2022)

109; 2SFR T <1Og ZSFR> o O*A log 2* 2 OmolA 1Og Z‘mol

e Variation seen within * SB rings offset high (as seen)
galaxies « BUT Bars offset low?



Even in ‘'normal’ galaxies, offsets seen

molecular gas surface density star formation rate surface density depletion time

106 . 0.Q74 0.006 0.006

centre bar spiral bar spiral centre bar spiral

PHANGS: Querejeta+ (2021)

e Variation seen within * SB rings offset high (as seen)
galaxies « BUT Bars offset low?



And Stretch!




The ISI\/| of Starbursts/
ULIRGS
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ISM of starbursts & ULIRGS

NGC6240

CO J=13-12

CO J=12-11

A lot of it (high Mng/Mx)
Warm (high T, Ogas)
Deﬂse (h|gh Zgas, ngas)

o
~—
|
~—
—
I
-
o
O

With high luminosity and
molecular abundance,
ULIRGs show a suite of
easlly accessible
molecular lines

800 1000 1200 1400

Meijerink+2013
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The Warm ISM - CO ladders

 ULIRGs & AG

NGC 4418

£\
N

NGC 1068

25

Mashian+2015
N show high J CO transitions (c.f. Milky Way)

* AGN high, bu

- even starburst (e.g. M82)
See J. Roman-Duval talk
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The Warm ISM - CO ladders
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- even starburst (e.g. M82)
See J. Roman-Duval talk



Likely Impacted by optical depth

« HCN/CO ratio suggests
much denser & warmer
gas than CO SLED alone

e High-d transitions
obscured!

o Xco difficult in ULIRGs

0
0O 01 02 03 04 05 06 0.7 08 09 1 11 12 13
CO(6-5)/(3-2

Papdopolous+2010




Under\ymg physms of Aco

H, Density (cm
Temperature (K)
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Underlying physics of aco
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Lip/ Lycy(Le(Kkms™'pc?)™)

=SFE

Lir/Leo(Lo (Kkms™ pe®)™ )< SFR/M(Hy)

Dense gas
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Garcia-Burillo+ (2004)

1.06+0.15
Lpr ¢ Lyco™t

e See more linear
correlations with dense
gas tracers HCN, HCO+

« But HCN/HCO+ impacted
by shocks, X-rays
(Meijerink+2007,2011)



Dense gas
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Dense gas

¢

extragalactic measurem" e See more linear correlations
, with dense gas tracers HCN,
galactic clouds ﬂ

HCO+

e This gives a constant
Tdep(dense) with ~0.5 dex
scatter

IR Luminosity [Lg] ~ SFR

* However scatter may be
related to cloud properties...
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HCN |[Kkms~! pc?] ~ Dense Gas
EMPIRE/ALMOND/PHANGS Neumann+ (2023)



Dense gas
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Dense (3as

% Centre (< 0.6kpc)
A Bar-ends

NGC3627

Lycn / LCO(2—1) X fdcnsc

EMPIRE/ALMOND/PHANGS Beslié+(2021)



CO (11-10)

Hgo 2-_5() — 211

Other molecular
lInes

—— SPIRE SLWC3
—— SPIRE SSWD4

800 1000 1200 1400 1600
Vobs (GHZ)

* Brightness of ULIRGS
allow measurement of
transitions of multiple
molecules

* Density & Heating in AGN
allow for high level
transitions (not just in CO)

2680 2700 2720 3840 3860 3880

IRAS 13120-5453
Privon+ (2017)




ISM of ULIRGS

ULIRGS & Starburst have higher 2gas, high f(H2)

Clear evidence of high dense gas fraction (fgense ~HCN/
CO)

At high density Tk ~ Taqust (& warm dust in ULIRGS)
BUT extra heating sources

o X-rays (AGN)

e Cosmic rays

« shocks (winds & turbulence/high Ggas)



Cloud scales

I Wlth ALMA We,re NOow . 43 barred galaxies
reacning cloud scales |n 13 unbarred galaxies

nearby galaxies
« PHANGS show us where

typical star-forming = 10
galaxies lie s ;
B All data
e But even In ‘normal’, See S , . Cascumide
high values and dispersion | ot i g
In barred galaxy centres ,

10! 102 10

Zmol, 150pc [M pC 2]
Sun+ (2020)




Cloud scales

Wlth ALMA We,re NOow . 43 barred galaxies
reacning cloud scales |n 13 unbarred galaxies
nearby galaxies |

PHANGS show us where

typical star-forming = 10
galaxies lie s ;

B All data
But even In ‘normal’, See S , . Casomeide
high values and dispersion | ot i g
In barred galaxy centres ,

Observations of mergers/ | 0 o
Starburst show similar/ Zmol, 150pe (Mo pe™~]
higher than barred centres Sun+ (2020)




Cloud scales

With ALMA we're now
reaching clogd scales in 2,50 Gyr
nearby galaxies SFR: 1.65 Moyr-

PHANGS show us where [EilESS
typical star-forming

— FIRE G2&G3

galaxies lie PHANGS galaxies
Antennae, aco =4.3

But even in ‘'normal’, see NGC 3256, aco =1.1

high values and dispersic M3t

in barred galaxy centres 0

Zmol (Mg pCc™#)

Observations of mergers
Starburst show similar/ Observations: Brunetti+ (2020,22)

higher than barred centres Simulations: He,Bottrell+ (2023)



Cloud scales

With ALMA we're now
reaching cloud scales In 257
nearby galaxies = SFR: 28.22 Moyr~?

PHANGS show us where
typical star-forming

—— FIRE G2&G3

ga axies lie PHANGS galaxies
Antennae, aco =4.3

But even in ‘'normal’, see NGC 3256, aco=1.1

high values and dispersic M3t

in barred galaxy centres 10°

¥ mol (Mg pc™2)

Observations of mergers
Starburst show similar/ Observations: Brunetti+ (2020,22)

higher than barred centres Simulations: He,Bottrell+ (2023)



Cloud scale differences

Predicted completeness Predicted completeness

0.4 0.6 0.8 _ 0.2 0.4 0.6 0.8

® NGC 3256
—PHANGS

® NGC 3256
——PHANGS

Milky Way
(S87)

Brunetti & Wilson (2022)



lonized ISM in ULIRGs

* Typical optical lines from
lonized ISM are heavily
obscured in ULIRGs

e However, NIR-FIR lines
will not be as obscured

e Can be used to estimate
SFRs, ionization states or
oresence of shocks AGN

O
oo

NGC3221
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o o
Ne )]

o O
o N

IC4687
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-
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2 0.3
x
3
L

O O O
o — N

12 14 16
Rest—frame Wavelength [um]

Inami+(2013) GOALS




lonized ISM in ULIRGs

* Typical optical lines from
lonized ISM are heavily B S surces with rss ved esr ie(E)
obscured in ULIRGs

e However, NIR-FIR lines will
not be as obscured

e Can be used to estimate
SFRs, ionization states or
oresence of shocks AGN

Inami+(2013) GOALS
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IR lines show “IR-
deficit”

Likely comes from
changing ISM
physics & increasing
‘dust cooling

e That is dust

competing for
jlonising photons with
gas and collisionally
heat dust cooling

Intense radiation
fields and compact
star forming regions
(PDRs) dominate

Diaz-Santos+ (2017)
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AGN

AGN: Active galactic NGC1068
Nuclel Bl

Ongoing accretion
onto supermassive
black hole

Strong winds & Jets

Hard ionising UV& X-
ray emission

Rapid movement of O g el
gas towards centre  Credit: NASA/ESA, Filipenko, Pagan
(Broad line region)
Hot dusty region

around nucleus
(“torus”)




radio-loud (RL) AGN

radio-quiet (RQ) AGN

Blazar
low power

BL Lac FSRQ

PASEAS

high power

BLRG,

Type I
\(QSO

Seyfert1.5 |

Seyfert 1

~\_  dusty absorber
.  accretion disc
\_ electron plasma
black hole
broad line region
narrow line region

Beckmann &
Shrader 2012




AGN

« AGN: Active galactic |NGC1068 J
Nuclei . E

* Ongoing accretion
onto supermassive
black hole

Stars
[OlIl]

e Strong winds & Jets

e Hard ionising UV& X-
ray emission

* Rapid movement of
gas towards centre
(Broad line region)

* Hot dusty region
around nucleus
(“torus”)




AGN

« AGN: Active galactic |NGC1068 N

Nuclei - g
« Ongoing accretion " Stars
onto supermassive [OII]

black hole

e Strong winds & Jets

e Hard ionising UV& X-
ray emission

* Rapid movement of
gas towards centre
(Broad line region)

e Hot dusty region B o
around nucleus |
(“torus”)




AGN heating

3cm  300um  3um 300A  4keV  400keV

cm/mm MIR-NIR Soft X-ray  Gamma
>€ >€ >€ D€ D€

Radio Sub-mm/FIR Optical-UV Hard X-ray
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] - Accretion disc
Hot corona
Reflection
"Soft excess"
Dusty torus ,
Non thermal radio




Physics of ULIRGs

|2H MEGAMASERS
BROAD HI ABSORPTION
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Sanders &
Mirabel 1996




Physics of ULIRGs
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Sanders &
Mirabel 1996




Emission line diagnostics

Seyfert Galaxies

e Hard UV & X-ray
spectra leads to very

different line
emission than star

formation

 |lonised and
molecular show
differences

)
I
~N
S
e
| S—
S
o
O

-1.0 -0.5
log([NIl]/Ha)

Groves+2006



Emission line diagnostics
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log [NII]/Ha log [SII]/Ha log [Oll/Ha

Perna+2021 PUMA: MUSE ULIRGs



Emission line diagnostics

Diagnostics extend to both
UV (but high extinction)

And NIR & MIR where
extinction Is less

=
j —
m
—_—
)
—
ko))
o

Classically used lines in
spectral windows
[] SF-young

BUt Wlth \JWST B e |_| AGN-compact

] SNe-dominated

45 -1, 0.5 00
Colina et al. (2015) log(H/Bry)




Mid IR selection

IRAC Bands

e Warm mid IR
emission from torus
clear identifier

* Only difficult at
highest of Av
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95% AGN

e
AN

vE,

: 10.0 100.0
Rest Wavelength (um
D. Dale talk yesterday Donley+2012




Mid IR selection

e Warm mid IR
emission from torus
clear identifier

* Only difficult at

highest of Av ,

e Also in the mid-IR Is | e
the [NeV] line - with —
an |P of 86eV it NGC7469
should only be —
Stl’Oﬂ g Iﬂ AGN rest wavelength (microns)

GOALS Armus+2023

D. Dale talk yesterday



Mid IR selection

e Warm mid IR
emission from torus
clear identifier

* Only difficult at
highest of Av

* Also in the mid-IR is
the [NeV] line - with
an [P of 86eV it
should only be
strong in AGN | 6.2 um PAH EQW

GOALS Petric+2011




ULIRGs In X-ray

Non-X-ray AGN —a— X-ray AGN

e X-rays are a classic way to
detect AGN

* |ssues in ULIRGs are
absorption and high SFR
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log L (ergs )

Torres-Alba+2018 C-GOALS




ULIRGs In X-ray

e X-rays are a classic way to
detect AGN

* |ssues in ULIRGs are
absorption and high SFR

» Also presence of very high
lonization lines - Fe Ka at
6.4keV
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Energy (keV)
Wang+2001 NGC4151



ULIRGs In X-ray

Non-X-ray AGN —a— X-ray AGN

438 44 442 444 446 448

log L (ergs )

Torres-Alba+2018

45 452 454

C-GOALS

e X-rays are a classic way to
detect AGN

* |ssues in ULIRGs are
absorption and high SFR

» Also presence of very high
lonization lines - Fe Ka at
6.4keV

» SFR also has X-rays (X-ray
binaries)



ULIRGs In X-ray

Non-X-ray AGN —a— X-ray AGN

CGll —a— Ranalli corr, CaGll
CGl —&— Best fit CGl
Ranalli et al, (2003) o Ranalli et al

—a— FRanalli corr.
—a— Bestfit

42 42

log Ly (ergs™)

38 1 1 1 1 1 1 1 33

42 425 43 435 44 445 45 455 46 42 425 43 435 44 445 45 455 46

log Leg (ergs ™) log Leg (ergs™)

Torres-Alba+2018 C-GOALS




AGN in Radio

 AGN Radio arises from « Jets (& outflows) drive
synchrotron emission material to large radii
* Arising from jets and  Jets drive shocks into

strong particle emission surrounding ISM




AGN In Radio

 §

Perseus
Cluster

e Jet lead to shocks
in galaxy (both
the “drill” and

perpendicular

* However, heating
of the larger scale
diffuse ICM is key
to may galaxy
evolution models

CHANDRA X-RAY
* Also play a key
role in polluting
ICM/IGM with

metals

Image courtesy: CHANDRA VLA RADIO
[[I°8T



High-energy fror

Gamma-ray emissions

v

~ X-ray emissions

L4

A. Marcowith talk |




High-energy from AGN

- l()gl() (p]o(:al)

 AGN with high energy
coronae, strong magnetic

fields are big sources of

Nigh energy emission

« NGC1068 brightest
extragalactic source of
neutrinos in northern
hemisphere

41.2 41.0 40.8 40.6 404 40.2

r.a. [deg]

e Cosmic rays can
penetrate into & through
the deepest molecular lce cube collaboration (2022)

cloud



High-energy from AGN

Murase et al v, + v, [ IceCube v, + v, t  Archival data
Inoue et al v, + 7, + 4FGL-DR2 MAGIC

10~°
Energy [GeV]

the deepest molecular lce cube collaboration (2022)
cloud



AGN in MS & SB galaxies -

* Measuring star formation in

AGN is about separating
AGN heating (spatially/
spectrally)

 What we find in typical EL
AGN is star formation
suppressed In starbursts
with AGN (Masoura+18)

Rodigheiro+ (2015)

SFR [MO/yr]

Ly 2—10keV |erg/s/1e42

log(Lx/SFR)

o

starburst (above—MS)
starforming BzK (on—MS)

—
—
—
— —
— —
——

..................

ey
a: e
.

1

10.0 10.5 11.0
log(stellar mass) [Mg

log(BHAR /SFR)



ISM In AGN-hosts

Strong line (high accretion) AGN correlate with higher
central gas densities

Star formation common in AGN-host galaxies
AGN act to to further heat ISM
e Shocks
e X-rays
e Turbulence/winds
But ONLY within zone of influence ionization/wind cones
Rest of disk like normal galaxies/Starbursts
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Outflows

o Starbursts & AGN inject
significant momentum
(winds & radiation
pressure) in a small area

e This drives outflows to
large scale heights

Credit: X-ray: NASA/CXC/JHU/D.Strickland;
Optical: NASA/ESA/STScl/AURA/The Hubble Heritage Team;
IR: NASA/JPL-Caltech/Univ. of AZ/C. Engelbracht



Outflows

o Starbursts & AGN inject
significant momentum
(winds & radiation
pressure) in a small area

e This drives outflows to
large scale heights

 The outflows can create
shocks

-

M82
K-band
Ho1-0S(1)




. T

Outﬂcws

o Starbursts & AGN inject
significant momentum
(winds & radiation
pressure) in a small area

his drives outflows to

large scale heights

. T
S

. T

ne outflows can create
NOCKS

nese outflows can drag

molecules & dust with
them

* Qutflows pollute outer

d

iIsks and even IGM

NGC253

Bolatto+2013



Outflows

e Starbursts & AGN inject " SDSS J211824.06+001729.4
significant momentum
(winds & radiation
pressure) in a small area

e This drives outflows to
large scale heights

e The outflows can create
shocks

17 arcsec

Q
et
@)
n
¢
(@)

* These outflows can drag
molecules & dust with
them

* Qutflows pollute outer
disks and even IGM

Rupke+2019



Outflows

o Still open questions on:
e drivers of outflows

- T200 Kms » On multiphase nature of

outflows (how do
molecules & dust last In
outflows)?

e Exact mass loading
factors (how much
material is removed)?

Rupke+2017 e See review by
Vellleux+2020



AGNdJets

o Jets (& outflows) drive e Some Radio Jets
material to large radi observed to Mpc scales!

e Jets drive shocks into
surrounding ISM

Density (X-2Z)

Mukhajee+2017




Outflows

Stronger outflows seen in starburst galaxies

Outflows remove gas locally, limiting further SF

Most will eventually return, but some mix with CGM

AGN can drive massive outflows, impacting CGM & |IGM

Outflows are key mechanism for metal removal/mixing
and pollution of the IGM




!SM & star formatlon m
dynamlc regmns

A 3 “ L ' WE%Y_FEIEﬁ
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“The Seashell"
. S it S
3 4
. | b ; 4 l
; ? e 2
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‘&\.NGC 5291SW
. %5

%ida\ Dwarts

- NGC 7252+ i
. NGC 72525E * \. * NGC 7252NW

Lelli+ (2015)



Tidal Dwarfs

. - " .

» Galaxy collisions can not e e B K
only lead to ULIRGs but e / i 1 'j i
though off material S

e This collisional debris can ) - - s

form stars and become
tidal dwarf galaxies

(TDGS) v
» TDGs are interesting that . &7

mostly HI and, It rotating, e & |

suggest no dark matter. - " R (. NeC
' / T NGE 52015W |

'_NGC 52915




Tidal Dwarfs

HI contours

5 arcmin ~ 21 kpc

* TDGs can be enriched |
and form molecular gas W

* as in other galaxies CO :
SFR traces CO deep optical

+

L HST WFC3 F547M
EOMIPOSISIg +F.  § @ i/ Lo o Ha contours

Querejeta+2019



Tidal Dwarts

Ha flux (1033 erg s! pc2)

-0.3 0.8 1.9 2.9 4.0

%

Image: HST F547M »
'Ellipses: GMCs () |
Contours: Ha flux _ ' S

50"
40"

30"

19051'20"

M 10°~700pc

 TDGs can be enriched
and form molecular gas

* as in other galaxies CO
SFR traces CO

HST WFC3 F547M 3
: * Ha contours

Querejeta+2019

deep optical
+

composite g +r.




Jellytish

m—15.50

o Jellyfish galaxies are

-15.75

S Qgalaxies falling into

7
~16.25 =

clusters

~16.50 £
-16.75

d ° Ram pressure & tidal

-17.00 =

Rl forces stripping gas

-17.50

e [his gas can be shocked
but also can form stars!

-30 -20 -10 O 10 720 30 -30 =20 =10 O 10 20 30

GASP—I\/IUE

Aresec

are

Poggianti+2019



Jellytish

o Jellyfish galaxies are
galaxies falling into
clusters

log [OI11]/H 3

B N s L i« Ram pressure & tidal
15 —10 —05 U 5 . . ; : .
log [NI1]/ H, P forces stripping gas

e [his gas can be shocked
but also can form stars!

AGN B Liners

-10 O 10 20 30
arcsec

Poggianti+2019

30 —20 —10 0 10 20 30
arcsec



Central Molecular Zones

» Centre of Milky Way shows
dense gas

* but SFR depressed

o Likely kinematically
disturbed (Shear/turbulence)

Contours

Bania's clump 2 LT 3
- P S ‘Brick’ — HNCO 4(0,4)-3(0,3)

, \ 2 -
' ‘- N AN A P .
‘e ¥ LG y Dust-ridge \
s wo Ly et L A ol % "3‘
by 5 A iy 'D‘A J "
: i L . » - =10 . ~
. > o 2N 5 S
- : C, 2 = T
'

-2.0° 0.0° 2.0°
0.25°

Central molecular zone (CM2)

Latitude

Sgr D Sgr B2 20 kms' SgrC

Galactic Latitude

-0.25° 0°

= Near dust lane
-

100pc at ~8kpc
. h 50 kms-!

100 200

200

Velocity (kms-1)

an®

“5‘\ -

aﬂlg - ’.;
<3 $

0

P
£
<
2
o
o
o
>

-100 0

E 1 " ! s -
Extended e | ~ " Dust-ridge
velocity features g ok -
(EVFs) AV 1.3° cloud complex

-200
-200

5.0° 2.5° 0.0° -2.5° 5.0° -7.5° 2.0° . 1.0° 0.5° 0.0°
Galactic Longitude Galactic Longitude

Henshaw+23




Central Molecular Zones

* Centre of Milky Way shows
dense gas

* but SFR depressed
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ISM & Star formation in
Extreme Environments

Rapid overview of starbursts, ULIRGs & AGN
DEFINITELY missed topics and references

JV lines, Cosmic Rays, Magnetic Fields, [Cl], large scale
|, large scale structure & clusters, low-metallicity
starbursts, and more...




ISM & Star formation in
Extreme Environments

ULIRGs locally are highly obscured, merger-driven galaxies,
with huge star formation rates and commonly AGN

However, luminosity cut includes normal galaxies at high-z

Starburst galaxies are rare, though starburst regions can be
found in some galaxies

Assoclated with high gas densities and potentially high star
formation efticiencies

Differences are seen even at cloud scales with massive,
dense and turbulent clouds

AGN affect all phases of ISM with strong winds, jets,
magnetic fields & UV-y-ray field

But AGN only affect within ionization cone



Standard references

Saintonge & Catinella (2022): “The Cold ISM of Galaxies
In the local Universe”

Tacconi, Genzel & Sternberg: “Evolution of star forming
ISM across cosmic time”

Bolatto, Wolfire & Leroy (2013): “The CO-to-H2 conversion
factor”

Lonsdale, Farrah, & Smith (2006): “ULIRGSs”

Casey, Narayanan, & Hooray (2014): “Dusty star-forming
galaxies at high-z"

Veilleux, Maiolino, Bolatto, & Aalto (2020): “Cool outflows
In galaxies and their implications™



https://ui.adsabs.harvard.edu/abs/2014PhR...541...45C/abstract
https://ui.adsabs.harvard.edu/abs/2014PhR...541...45C/abstract
https://ui.adsabs.harvard.edu/abs/2020A&ARv..28....2V/abstract
https://ui.adsabs.harvard.edu/abs/2020A&ARv..28....2V/abstract




