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@_@ Lecture inspired by & thanks to:

- Westpfahl, D. 1999 Spectral line observing

> Helles & Troland 2003 The Millenium Arecibo 21cm Abs Line Survey
- Walsh, A. 2009 Single dish spectral line ohserving

> Ellingsen, S. 2011 Spectral line observations - a new dimension

- Breen, S. 2012 Observing Strategies

> Lacy, M. 2014 Spectral line data analysis

- White, S. 2017 Advanced Radio Astronomy Lecture, Curtin

Start with a science goal and an object, or set of objects, which can be
observed to meet that goal. Develop concise statements of why the goal is
important and why the object is an excellent choice for observation. These
statements will be invaluable for the written part of the proposal, without them
it will be difficult to make a good case for observing.

— Westpfahl 1999

e,



(@ Spectral lines: great tool for studying ISM physics
=2

v Kinematics + morphology (3D)
v Physical state (density, temperature, SF history etc) of the
Interstellar medium (ISM)

=> the physical processes that shape galaxy evolution

NGC 7319 R
' g NGC 7318b

NGC7318a*

........

g .

' NGC 7320 ' * NGC7317
Foreground




@ Spectral line ?
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é@ Spectral line ?

v Atomic Physics: accurate rest frequencies & intrinsic widths

v Frequency shift — Doppler shift

v Radiative Transfer: convert ohserved intensity
= Optical depth

- Excitation | spin temperature

v Provide what continuum cannot: the 3™ dimension




(@ Spectral lines are very useful”
& 4

v Spontaneous emission
2> Atomic hyperfinelspin/

recombination emission

2 Rotational molecular emission

v Hl in absorption

v Stimulated emission

2> Masers

*with the exception of RF

- N



@9@ Velocity definitions (in the Local Universe)

The relativistic expression relating frequency to radial velocity is

U2 2
— 1
v cug y (16)

where v is the radial velocity, v the observed frequency, vy the rest frequency, and
¢ is the speed of light. For various reasons, astronomers usually approximate this
formula. There are two common approximations - the “radio definition”,

Vradio = "3(1 — i) (17)
2

and the “optical definition”,

40

Voptical = C(; - 1) (18)

The radio definition has the advantage that points sampled at equal increments in
frequency translate to equal increments in velocity. However the radio definition is
now deprecated by the IAU, but this does not stop it being commonly used.

http://www.atnf.csiro.au/people/Tobias.Westmeier/tools_hihelpers.php
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R\ @ z > 0.1 (when cosmic expansion matters)

ICR
V
Full GR differentiation btwv & v ac
pec cos ul
S| () = (02,08)
= | X
Vpcc(zpuc) = L%R(chﬂ) : 3¢ - .g t::;:‘w“i 3c
| o
2 _ .2 = £ | |
. lf;;st ”Uzhs : = §: (s, Q) = (0.3,0.7)
Viest + v obs % . :'tf 1.
= =C =/ 2c
(14 2pec)? — 1 = (2, 20) = (1,0)
= C
(1 + chc)z +1 I j
1e __ ................................... [ . specialrelativ1ty__ 1
I'/::DE(ECDS} zref) — VGR(ECDS? E*ﬁ'»:af) ; ]
Zcos ! Oc o L Ll Ll miele
— {tM ﬁ 0.1 1 g hi”(c) 100 1000
1 _|_ > f H Z.f redsinni
ret 0 ( CDS) Davis & Lineweaver 2001
””””””””””””””””””””””””””””” Zecos

Sounce/a/tzmo{swvoed,aztz/%=0 -

v’ To avoid confusion: best use velocities for describing rest frame motions RATHER THAN observed frame
Meyer, M et al 2017, Weinberg 2008, Davis & Lineweaver 2001, Hogg 1999; http://hifi.icrar.org
e, s




'@@ Star formation

Time: 214355. yr  Dimensions: 5156, AU Time: 214355, yr

Neutral gas

Molecular gas

Stars

Wide range of temperature/density regimes:

+ cold (~10s of K) dense molecular clouds

+ cool (~102 K) neutral gas

+ warm (~>104 K) ionised gas

+ hot (~>106 K) low-density ionised gas (eg SNR bubbles)
D,



(ém‘rﬁ Galaxy evolution
v Physical processes that affect “regular” ISM of galaxies

v Impact on ISM gas phases — impact star formation

history & galaxy evolution

NGC 7318b
-/ NGC7318a»

'NGC 7320 " v, N
Foreground
Kenney+2008 Appleton+2006
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~
C:\RE%\ 3D astronomy: the “new” tool in optical astronomy

IFS = Integral field spectroscopy

The HI radial velocity field of the nearby spiral
galaxy M33 is shown here by colours
corresponding to Doppler redshifts and blueshifts,
relative to the center of mass.

RAdI0 s

sam i Cl)ptical

galaxy survey

Credit: Thilker, Braun & Walterbos

Ha Velocity Ha Velocity

BO
60 0]

& 5 40 6" . 60
’ A . 20 < 40
. . R ‘ 0 o" 20
figh =20 0

= -40 6" \ ]

P & . o =20
—60 “‘-r' —-40

-80 —60

5 0 & o —80 Credit: Lisa KeWIey
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crar)  The 3@ dimension
)

v Single dish | low angular resolution — Av : ~distance of galaxy

v Synthesis observations — higher angular & freq resolution — kinematics

: .
J1237+39 E |
1 ;
] I
+39°29'30" S E i
i (=] I I
= i I
) i I
g E [ I
£ @ | i :
+29'00" =5 i |
=) g - 1] I
[=] .3 (] I
= >y i i
g i ;
- : :
5 = H
+28'30" il fA!} ] |
I \ o T
] .
(]
L i 4
: :

14% 12% 5800 8000 8200

12837=20° 18°
Credit: HIPASS data (Mark Calabretta) il S ounton (EOU) ST eyl

Wong+(2015)
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@B\ Moment maps

Moment definitions

oL Moment
0 =total flux Mo=2v) A(v) - Moment

1 = intensity weighted (IW) velocity

> vA(v)
> A(v)

M, =

/ ;'71
/ Jc‘ »?_

2 = IW velocity dispersion

[0 - MPAR) -
Mﬂ_\/ > A(v) o [ SN A AL LTAR W INLE

N

=

|=\

g |

o sb I“%«Iom!ent 2
I

bl

=

[z,

3 = skewness/line asymmetry ™ S —
Velocity (km/s)
4 = Kurtosis

N



Moment 0

Moment 1

Moment 2

Example m

4
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DEC (J2000)

DEC (J2000)

O

_ ment maps of NGC 5253

ES

a4

a8

38 b

40

42

31744 —@ i

13%40™30"°

wAP

L

34 -

a8

4z +

—31°44’ @ :

13"40™ag®

)
32
34+
as -
38 -
a0
42 +

I

314

13"40™30"

20

10*

40™0"  50°

REA (J2000)

©

o

380

400

420

440

0

-31°44

13h40™m30°

20

10

Lopez-Sanchez et al 2012
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@9@ Modelling disk kinematics

FiC Tilted Ring Fitting Code

HOME

Tilted Ring Fitting Code (TiRiFiC) is a computer program to construct

Input and Syntax

simulated (high-resolution) astronomical spectroscopic 3d-observations

(data cubes) of simple kinematical- and morphological models of rotating

Modelling
Strategy

(galactic) disks. It is possible to automatically optimise the
parametrisations of constructed model disks to fit spectroscopic (3d-)

Model Geometry

observations via a %2 minimisation. TiRiFiC depends on several free non-
standard libraries, but is a standalone routine (after compilation). In

Model Fitting

former development stages, TiRiFiC has been implemented as a task in

the Groningen Image Processing System (GIPSY) software package. From

Output

version 2.2.0 on, the GIPSY implementation is not longer supported and Tilted-ring model of M83 by

Parameter Index

will not be installed. The source code of TiRiFiC can be downloaded from Rogstad et al. (1974)

Examples

2D BAYESIAN AUTOMATED TILTED-RING FITTING OF DISK GALAXIES IN LARGE HI GALAXY

GuUl

SURVEYS: 2DEAT

Bugs and
Development

Se-Heon On'*?, LISTER STAVELEY-SMITH?, KRISTINE SPEKKENS', PETER Kampuuis® & BARBEL 5. KoriBaLskl®
MNRAS, accepted

Download and
Installation

ABSTRACT
‘We present a novel algorithm based on a Bayesian method for 2D tilted-ring analysis of disk galaxy

Contact and
Feedback

velocity fields. Compared to the conventional algorithms based on a chi-squared minimisation proce-
dure, this new Bayesian-based algorithm suffers less from local minima of the model parameters even
with highly multi-modal posterior distributions. Moreover, the Bavesian analysis, implemented via

Credits

Markov Chain Monte Carlo (MCMC) sampling, only requires broad ranges of posterior distributions

of the parameters, which makes the fitting procedure fully automated. This feature will be essential

when performing kinematic analysis on the large number of resolved galaxies expected to be detected
in nentral hvdracen (HTD snrvews with the Sanare Kilanmetre Arraw (SK AV and its nathfinders The sn-

Sep 2017

Jozsa+2007; Kamphuis+ 2015; Oh+2017

T~
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@@ Types of spectral lines (1)

Slightly higher energy | Slightly lower energy

v Emission lines — @
v Hyperfine | spin-flip transition w,.:::mnm

>HI — emission at 1.4204 GHz
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@ LVHIS finds giant HI halos in nearby galaxies

—zor s
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mmm\ Calculating HI emission column densities
V

v Detecting HI in emission relies on HI column densities

. : _ NS 1.36 \2S
Flux densities to brightness temps: 7z = o > B

B'\Aq}\bnm te/m/ru (K); 'wa/oe{',e/n,ca/t}» (cm); X/fu/x/ dmmb.d/ S ('mAJtd/); o amd b (arcsec)

Assuming that the gas is optically thin (1 << 1), Nar—1823x10% f Ty dv

Colurmm dynmzt/% NHI(C/m/z); s (B o7")

g —1
Ty 5 I s (S Db = 6.06 x 1[}5 142 ’ ( U) ( b )
( K) 6.86 x 10°(1+2) (.]y) (a,rcsecﬂ) ( ) Jy arcsec?

specify widths at rest frame as AV_ & observed frame as Av__

v Atz >>0.],

c(1+ 2) c
Ayc:rbs — &L"ubs
VHI Vabs

A V;‘est =

http://www.atnf.csiro.au/people/Tobias.Westmeier/tools_hihelpers.php & Meyer + (2017)

2


http://www.atnf.csiro.au/people/Tobias.Westmeier/tools_hihelpers.php

/crj/!) Calculating HI masses

. My Sint d\?
v In nearby galaxies, 77 =0236x 7o o x| g0

v Atz>> 0.1, L
S = 5
4?rDL
SV = / S, dV

S Vobs (14 2)? S
Jykms=1 /) g JyHz )’

- —4 2 S
~ 211 x 107" (1 + 2) (J}'Hz)

M D 2
(i) =27 (7envie) (578)
ha“Mg ha Mpc Jy Hz

http://www.atnf.csiro.au/people/Tobias.Westmeier/tools_hihelpers.php & Meyer + (2017) & Hogg (1999)

- N


http://www.atnf.csiro.au/people/Tobias.Westmeier/tools_hihelpers.php
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@@ Types of spectral lines

\/
\\//,

T L

g

=
v Radio recombination lines recombination
> H40a — ~100 GHz
> H109a — 5 GHz
> H600a — 30 MHz
> Ch38a — 42 MHz (Asgekar+2013)




Declination

72 j j .
@ Cb538 RRL in absorption from Cas A using LOFAR

54

52

20

48

46

58° 44

Cas A: Continuum Image

=

23" 24™ pp33™ 455 305 15% oo%

Center:

Right Ascension
RA. 23 23 2786 Dec +38B 48 54.0

22™ 458

0.002
0.000 iy
-0.002

-0.004

DATAT (256 CHN)
DATAT ( 64 CHN)
DATAZ ( 64 CHN)

—300 —200 —100 0
velocity [km /s]

Asgekar+2013
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(an ines (2
@9@ Types of spectral lines (2)

v Emission lines NN
' iti ‘'H — H
v Rotational molecular transitions AR,

> H,vs CO (weak vs strong transitions)
> Eg. “CO(J=1-0) - 115 GHz
“CO(J=2-1) -~ 230 GHz
“CO (J=3-2) — 346 GHz

permanent electric dipole

Spontaneous emission coefficient , A o< v’ — lines more prominent at higher v

In molecular clouds, spontaneous emission time >> collisional time
- when collisional rate equals A— critical density, n* = A/GV  croan section 6 (em?); v (em o)

— Since typically 6 ~10"° em’ & v =10° cm s”', molecules with higher A are only excited at

higher densities (eg. n*(CO) ~ 700 cm™, n*(HCN) ~10° ¢cm™)

ref. Herzberg, Molecular spectra & molecular structure (1950)

Nearly 200 molecules detected in ISM as of Oct 2015 (www.astro.uni-koeln.de/cdms)

22
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@@ CC ) O spectral line energy distribution

EO{UAXA/&—"MM/H\/, LTE — || )
10 /N M82
L. MW g APM 0829
B Antenna B f'r";‘_ﬁ’ HFLS3
e SMGs
| Caverteal
_ B3
S 10}
: GN 20
NGC 4038-4039 * Antennae Galaxies -
. Eyelash
10°
0 2 4 6 8 10

J!:pp(-:

Casey, Narayanan & Cooray 2014

/ACS + STScl-PRC06-46 2 3



cm@ Typical location of CO

v Heracles survey of 18 THINGS galaxies

NGC 3521

NGC 0628

2

NGC3184 e NGC 2403
g g R T TR

Q,v

NGC 5055 _

Bl '
¢ - -

v CO usually found in strongly star-forming regions within optical disk

Leroy et al 2009
24




=N -
@;}n\ Stop Press — CO found befween galaxies!

Cold gas in the Spider- T T
web Galaxy (z=2) ;_

W

Flux density (m) y/ibeam)
e = o

oﬂﬂﬂ i | L mﬂﬁrﬁﬂﬁn
IR L

-2000 -1000 o 1000 2000
Velocity (km/ s)

o
100,000
: Irllght-years= CO(]__O)

Emonts et al 2016

D, 25



W\
&y@ Caveat emptor/lector

2C0(1-0) — H,?

Ny, = Xcolco

2h, = acolco

M,..; = 1.05 x 10 ( Xco ) Scolv Dy

2 x 1020 < (1+ 2)

*** Homework: what are the dependencies of X?

D, 26
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@:@ Types of spectral lines (3)

bty

v Absorption lines
v against bright AGN — HI abs can be from
host galaxy or intervening absorber

v If associated with host, this is the colder

gas component

— eg. Interaction btw radio AGN &

circumnuclear ISM

/ R.Ight ?S.Cer]SI.On. \

¢ Global VLBI, MERLIN and VLA - 5 kpe
e e

I v
<

Mahony+ (2013)

211
0.4 041 0.42 0.43 0.44 0.45

a7 T T T T

2F s

0 Perpm iy Ao hn isos = e R ]
-2k v ;
-4 L 1 L R R A B L .

1015 1010 1005 1000 995 990 985 980

Allison+ (2015)

N
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@ HI absorption lines T < . QSO

N
— TB(I/) = TS [1 — e—'r(:-'):l + TC e_T(F)

Assuming that the gas is optically thin (<< 1), —e ™" = 1-1(v)

Tg(v) =Ts7(v) + Tc [1 — 1(v)]

B”Mq}vtmma te/rn/ru o{/ Speotnax, Line, TL = TC — TB e TL(V)

T(V) =
. .. . ®) Tc — Ts
Extracting column densities from optical depth:
T <<T T
NHI:CTSfT(H)dH XD’" ° ¢ > NHI:CTS[ L(y)dy
C

*** Homework: estimate NHIfor z~0.3

http://www.atnf.csiro.au/people/Tobias.Westmeier/tools_hihelpers.php & Meyer + (2017)

- N


http://www.atnf.csiro.au/people/Tobias.Westmeier/tools_hihelpers.php
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77— N\
@ Homework reading: probing the CNM with HI albs

Monthly Notices

MNRAS 462, 1341-1350 (2016) doi:10.1093/mnras/stw1722
Advance Access publication 2016 July 19

Using 21 cm absorption surveys to measure the average H I spin
temperature in distant galaxies

J. R. Allison,'* M. A. Zwaan,? S. W. Duchesne® and S. J. Curran?

LCSIRO Astronomy & Space Science, PO Box 76, Epping, NSW 1710, Australia
2European Southern Observatory, Karl-Schwarzschild-Str. 2, D-85748 Garching, Germany

38chool of Chemical and Physical Sciences, Victoria University of Wellington, PO Box 600, Wellington 6140, New Zealand

Accepted 2016 July 14. Received 2016 June 16; in original form 2016 March 1
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crar)  Types of spectral lines (4)
&/

v Stimulated emission
v Maser = Microwave Amplification by Stimulated Emission Radiation

- like lasers, involve population inversion from higher — lower levels but unlike lasers occur
naturally in star-forming regions, around late-type stars, AGN etc.

SiO maser (TX cam)

- masers are common *.© common conditions: non-LTE (low T & density — radiatively pumped)
+ rules of quantum mechanics Warning: some masers are pumped by collisions

v Common masers: OH (1612, 1665, 1667, 1720 MHz) S7/late-stage stellan esolution.
CH,OH (Class II: 6.7 GHz, Class I: 36+44 GHz) o o

H 0 (22 GHz) cemines

v Useful probes of small scale structures
— eg. Determination of SMBH mass in NGC 4258 from H 0 maser kinematics

(Miyoshi+1995)
. )



SPLASH

/cé? PI: D & Walsh
ICRAR The Southern Parkes Large-Area Survey in Hydroxy! ' wson
V AwWSO als

i T T B P A ah

-0.3k [ r l
0.5} 342.00-0.20 1

0.3F i 1667MHz 1665MHz

0.0

0.5} | — 1612
— 1665
— 1720
—1.0} | — 1667 i

—-160 —140 -120 -100 -80 -60 —-40 -20 O
km/s

Figure 3. Example spectra showing primarily diffuse OH. The
grey spectra above each panel show [T},(1612) + Ty(1720)] —
[TH(1667)/9.0+T4(1665) /5.0], with voxels in the vicinity of maser
emission flagged out (blank ranges). The diffuse OH lines show
their characteristic pattern — main-line signal with |7}, (1667)| =
|Th(1665)| (usually in absorption), with a symmetrical pattern of
emission and absorption in the satellite lines. The data in these Figure 6. Venn diagram showing the overlap in occurrence of
figures have been binned to a channel width of 0.7 km s~ 1. masers and maser candidates in the four OH lines.

1720MHz 1612MHz

Dawson et al 2014
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The Southern Parkes Large-Area Survey in Hydroxyl

(a L, SPLASH

-

Galactic Latitude

Galactic Latitude
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i i i i i i i i | i i i i i _06
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Galactic Longitude Galactic Longitude Dawson et al 2014
32
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2592 M. A. Voronkov et al.
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Methanol masers @36 & 44 GHz (Voronkov +2014
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(2 Water masers
=/

NGC4258

Taxonomy

$

Velocity symmetry, e Circnus
narrow-lines dominate "

1000

NGC 1068

Single-emission feature,
broad-hump dominates

Flue Density (Jy)

White 2017

D, 34



N
Water masers - most accurate mass estimator of SMBH

ICRAR
&
NGC4258: The archetypal
accretion disk maser

0.15 pc
e
- 4 ——
e -
Review :
Accretion Disk: Miyoshi et al. 95 fT r--f".'.';-*

Jet @ 4000R,: Herrnstein et al. 97
Accelerations: Nakai et al. 95
Greenhill et al. 95 I 1 %]\
Bragg et al. 00 ar H\/
Distance*+7%: Herrnstein et al. 99 TIXYTE YTITLY
BH Mass = 3.9 x 106 M_,,,

NGC 4258 ‘

Stay tuned for Maria's lecture on YVLRBI + marvel at the usefulness of masers

I



‘o) Spectral line SCIENCE
&@ pectral line

- Optical
Radio recombination lines deppth
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@;}n LMT RSR: 73 — 111 GHz in a single pointing

0.06 T T T T T T

0.05 ~§ §

CHIOH
HCIN
o2
—CHAOH
FTION
~HISE0.
—c2H
ICN
—HCO+
NG
HCIN
—aon
-CHICN
M2+
~CHAOH
—CHAOH
Tticn
-0Ocs
—CHIOH
s
-s0
o
HCS
—CHAOH
o2
o
—Glick
-cﬁsm

0.4 -
0.03
0.02 |

001 b ' |
_M,J,,MMMW«M&J\% " ;
" T :

0.00

1 L L L
00 95 100 105 110
Frequency (GHz)

UNITED STATES K

Gulf of
Mexico

:?

Gwmm K Ca'nbu'.vea'n
mEXico® . - \l'uum

North Pacific
Ocean





































Email: ivy.wong@icrar.org




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Astronomy in 3D
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49

