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Topics

- How to do spectral line interferometry
. spectral line correlator

- calibration
. continuum subtraction
- analysis
. Future telescopes and topics
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What is spectral line interferometry?

We observe the sky in such a way that we make a large number of images
of the same piece of sky, each image at a slightly different frequency.
We get the radio spectrum at every position in the field of view (integral field spectroscopy)

— a 3D- dataset, also known as a data cube

Nearby galaxies

\f

This maps the kinematics of the objects, | D
SR Y L\ CC
and more... B O e A\

Vel

Galactic HI emission




HI data cube with many galaxies detected

courtesy Marc Verheijen




What do we observe?

There are several radiation mechanisms that radiate in the radio domain
» Atomic hydrogen (HD: low density cold ISM (100 - 5000 K)
» Molecules: cold ISM (10 - few 100 K)
» (Mega)Masers
» Recombination lines: ionised ISM (~10,000 K)

Wide range of astronomy: physics of ISM, star formation,
galaxy structure and evolution, AGN, ...

From within our Galaxy, to objects at the highest redshifts;
at low and at very high spatial resolution
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Spectroscopy in the radio domain has many very interesting applications

We have find a way make a data cube,
I.e. to split the observing band in many narrow channels
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Spectroscopy is not the only reason why we have to split the observing
band in narrow channels

- The unit of length of an interferometer is wavelength
. effectively, the size of the interferometer changes with frequency
. this gives strong chromatic aberration

- when averaging over broad bands, chromatic aberration leads to problems

- This means that for any broad-band work (i.e. Av/v > 0.1), you have to split the total band
iIn sub-bands. Also ‘continuum correlator’ has to work in spectral line work

- Modern radio telescopes strive for very large bandwidths.
E.g. MeerKat in continuum mode has 4096 channels to cover 856 - 1712 MHz (32768 In

line mode)
. Also need narrow channels to limit impact of RF|
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» Correlator makes visibilities by multiplying signals from two antennas.

* Old solution: split antenna signals in many bands by filters (hardware!),
correlate each sub-band separately = many correlators in parallel.
This gives the visibilities for each sub-band and one can make an image
for each sub-band. Each channel has its correlator.

vi(t)o——4_;;_;—% Filter Bank '——==1
. e, o,

- oXR
CC | s CC | CC1 . °

] o

”—OXR] —Osz...

v:(t)o N Filter Bank

Not practical when number of channels and number of antennas is large

ASTRON



One antenna
Vicos|o(t —1)]

Another antenna V, cos|o(?)]

b ....... A/

- X b-s=ul+vm
multiply / | u and v are coordinates of the baseline
v | and m are coordinates on the sky
average —— ||/
l
V(u,v;v) | )
note that for a point source this is
V(u,v;v) = / / I(1,m;v)e 2™ gl dm V(u,v;V) = I(ly, mg;v)e 2o tvmo)

I[(l.m;v) = //V(u,v;v)ezm(”lﬂm)dudv
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Consider radiation from a single monochromatic point source in direction S

S S
|

One antenna
Vicos|o(t —1)]

Another antenna V, cos|o(?)]

b ....... A/

ViVacos|o(t — T)|cos|m(t)] =

v " [eoslot) + cosppor —a(o)]|

multiply

averagp —— |\

l
2 s V12V2 cos|mt| = I(s,v)cos|2nvb - (s)/c]

W = 27V
the real part of the visibility
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insert a series of time delays 7, in signal path of one of the antennas

S S
|

One antenna
Vicos|o(t —1)]

Another antenna V, cos[®(t — T,)]

b ....... A/

X To
gy /v | ViV, cos|o(t —T)|cos|®(t —To)| =
v v {cos[(x)(’c—’co)] +cos[2(x)t—(x)(’c—'co)]}
average - <|> 2
B Y1V2 cos|®(T — To)]

Now | have a function of time

ASTRON __#



correlator gives R. =1I(s,V)cos[®(T—1To)]
in a similar way, we can obtain R; = I(s,v)sin|®(T —To)]

we can combine this to make the visibility Rits) = RSB 1 Ve "o
(remember this Is a point source) = [(s,V)e ZFVPs/c 2RiVTo
This is the true visibility modulated by ¢*™V%

R(7,) is called the lag spectrum

Integrating this over the observed band:

R(t,) = / I(S,V)e—zﬂivbﬂ/c o2V 1y, This is a Fourier Transform:::

R(T,) isthe v FT of I(s,v)e 2MVPS/¢ the visibility as function of frequency
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R(T) isthev FTof I(s,v)e 2™MVbs/c
Thus inverse Fourier transforming R(t) wrt T gives you
/ R(1)e*™™dt = I(s,v)e ™PS/c i e. the visibility as function of frequency

The above is for a point source. Correlator is a linear system f(a+b)= f(a)+ f(b)

/R(’C)ezniwd’c i /Rl (’c)ezm\’dr s /R2 (’C)ezmwd’t b I(Sl’v)e—Znivb-sl/c —I—I(Sz,V)e_zniVb'SZ/C

S0 | can integrate over the sky

[R@eE ™ ar= [[ 16,v)e > can = [ [ 10,mv)e @ dtdm =V (u,viv)

. x4 : 27 (ul+
.e. | get the visibility as function of frequency. ~ 1(l;m:V) = / / V (1, v;v)e™ M) dudy
And with this | can make images as function of frequency
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FFT Processor




Alternative: exploit the convolution theorem: FT(fxg)=FT(f) -FT(g)

'|| ‘r. lfl l\l “| ‘(. 'f|i '\| "' |'| | |'|‘ 'ni 'vl l,'l ’\l F FT /\
I |
antenna signals i e ————
!!f\\(f\l!']l!l'\
“,‘ll|| ":'""'n"l"|'l.lult| ‘““'.»l:\" /\
|a I lJ | l' I ul VT ll
correlate (i.e. convolve in time) multiply

T visibility as function of
A _ frequency
FFT
ASTRON Fourier transform signals from antennas and then multiply



.« d . . .. : @

FFT Processor
Input: N real points

Outpur: N/2 complex points

One multiply/accumulate
at N2 spectral points
EVERY N sample clocks.

Outpur: N/2 complex points
Input: N real points
FFT Processor



Spectral calibration
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Standard calibration equation:  Vj"(v,1) = gij(v.1) - V3 (v,1)

The observed visibilities are multiplied by a correction factor,
correcting for changes in instrument and atmosphere (ionosphere)

| st standard assumption: corrections are antenna based, not baseline based

gij(V,t) = gi(Vv,1)g;(V,1)

This makes the calibration more tractable (apart from being physically motivated... design).
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Spectral line work requires extra calibration

2nd standard assumption: the frequency calibration is time independent
and the time-variable changes are frequency independent:

gi(v,t) = ai(t) - bi(V)

a; is referred to as the gain of antenna i
b; is called the bandpass of antenna i

The ¢, are found by regularly observing a nearby calibration source during
the main observation, or by selfcal on the observation itself.

The b; are found by observing strong calibrator before and/or after main
observation.

One great advantage is that in deriving the a;, the data can be averaged
over frequency, greatly increasing the S/N of the calibration (> factor 30)



XX,YY, \gt=30.0 min, Bl=1-2, T=07:58:10 XX,YY, \gt=30.0 min, Bl=3—4, T=07:58:10 XX,YY, \gt=30.0 min, Bl=1-2, T=07:568:10 XX,YY, \gt=30.0 min, Bl=3—4, T=07:568:10

10

) 9
g g

o o
1.405 1.41 1.415 1.42 1.41 1.415 1.42 1.405 141 1.415 142 141 1.415 142 1.425
Frequency (GHz) Frequency (GHz) Frequency (GHz) Frequency (GHz)




XX,YY, \gt=30.0 min, Bl=1-2, T=07:58:10

1.405 141 1415
Frequency (GHz)

XX,YY, \gt=30.0 min, Bl=3-4, T=07:58:10

1.405 141 1415 142
Frequency (GHz)

XX,YY, \gt=30.0 min, Bl=1-2, T=07:58:10

1.405 141 1415 142 1.425
Frequency (GHz)

XX,YY, \gt=30.0 min, Bl=3-4, T=07:58:10

1.405 141 1415 142 1.425
Frequency (GHz)




A few more words on gi(V,t) — Cli(f) 'bi(\’)

Important consequence of this assumption is that errors due to imperfect calibration of the a; are
frequency independent!!

If there is a strong continuum source in the image that shows all kinds of distortions due to imperfect

calibration, the image is said to be dynamic range limited (as opposed to noise limited). But these
distortions are frequency independent!!!

If | subtract the continuum from the data

in the proper way (see later), | subtract the source
and its errors and the image becomes noise limited,
even if the original images were dynamic range limited

| general (but not always...) the line emission

is (much) fainter than the continuum emission.

So the dynamic range requirements for line work are
(much) less strong.

Line images are usually limited by noise, not by calibration artefacts




For very very strong continuum sources, there are complications...
If the target source is stronger than the calibrator (typically 10’s of Jy),
the S/N in the calibrator is lower than of the target and the noise in the bandpass becomes important.

Vijtrue(V, T) = ai@)@? (£)* bi(”)b;(y) - Vij,obs

b(V) = bye(V) - (1+€) giveserrorsof O(eV) that vary with frequency

if ViiobsiS very large, O(eV) will dominate over thermal noise

5800

5600

Position of very strong continuum  w 5499
source E
2

9 5200
Q
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5000

noisy bandpass good bandpass
| 4800
AST({ON G 06 04 0.2 0.0 -0.2 -0.4 -0.6 0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6
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Interferometers are lousy telescopes: !

+61°15

+61°00’;

Declination {(J2000)

+60°30'}

Right Ascension (J2000)

PSF Dirty image
Because our telescope has many large holes, the PSF has many

features (sidelobes) that extend over the entire sky:!:
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Because PSF covers entire image, so do the errors of the bandpass,
even after removal of the continuum

noisy bandpass good bandpass




Trick : smooth the bandpass in frequency before applying

cena—a cena—a

. E: '5 d
G . ' s |
L L
= =
= )
= =

13h27m oM o5m
RA (J2000) RA (J2000)
DEC: —43° 3’ 2.8" DEC: —43° 3’ 2.8"
noisy bandpass smoothed bandpass
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Data cubes

- Frequency received depends on velocity of emitter

- Radio telescopes are integral field spectrographs

- By mapping frequency, you map motions of the gas

r* ey
\ Wy ~5‘
\k'f N"‘?)‘/{ ﬁs
F VY A “Qt\".:

HI observation of NGC 4414.

Each image is a narrow-band radio image of the sky,
loop is through frequency Rotation of galaxy shifts
ASTRON frequency where gas is detected
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Each channel has continuum and line emission, and the dirty beam of both
To be able to do the analysis of the line emission, we have to remove the continuum

Slice showing line and continuum

Ra: 19" 24™ 5.80° (J2000)
Dec: £3° 37" 9.30" (J2000)
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Continuum subtraction

- uvmodel: make model of sky (e.g. by cleaning continuum image),
transform model to uv domain and subtract

v WOrks over wide bands

— does not handle calibration errors

. uvlin: fit polymonial to spectra in uv domain
v Insensitive to errors in time-dependent calibration

- only works over limited bandwidth

. Imlin: fit polynomial in image domain
v Insensitive to errors In time-dependent calibration
- only works over limited bandwidth

standard way: combination of uvmodel and imlin.
Selfcal gives model of continuum sky, it’s for free so why not use it??7??

ASTRON _ But is never perfect, so clean up residuals with imlin



The limitations of uvmodel

Transforming the selfcal model to uv
domain can only apply the calibrations
we know and only includes the sources
in the model.

So if there are calibration errors left,
those errors will not be subtracted.

Same for faint sources that are not in
the selfcal model

Dec: 18° 22' 9.00" (J2000)

19°00'

18°30’

Declination (J2000)

18°00'

17°30
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Right Ascension (J2000)

Often direction-dependent
errors play a role

Continuum residuals

Continuum image with calibration errors



Real (Jy)

The limitations of uvlin

Visibility of point source at position [ is sinusoidal function of frequency
V

because u scales with frequency: u = uo—

I, 7=1.2 min, Bl=1-8, T=18:01:25

V(u,v;v) = ¢~ 2 (o y5)

I, 7=1.2 min, Bl=1-12, T=18:01:25

----------------------

PR —_— i ) -
1.3 1.35 Freque::y ot 1.45 1.5 1.3 1.35 F‘requerll :y - 1.45 1.5 1.3 1.35 Freque::y S 1.45 1.5 1.3 1.35 Frequerl1 ; s 1.45 1.5
baseline length increases — L 7=1.2 min, Bie1-12, T=15:0125
real part of visibility of off-axis source as function of frequency for :
different baseline lengths
>

Frequency range over which this can be approximated with
polynomial is limited. Depends on bandwidth and location of the source.

Only works over limited field of view.

Frequency (GHz)

closer to field centre




Slmllar prOblem Wlth |m||n Ra: 11! 58™ 54.66° (J2000)
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ASTRON Size of rings changes because wavelength changes



PKS 0405—12 S lobe PKS 0405—12 S lobe
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Data analysis
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DISTRIBUTION OF DARK MATTER IN NGC 3198

NGC 3198
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Parametrise the intensity and kinematics and make maps of those.
Moment analysis

For every position calculate from the spectrum:

. Total HI flux P / S(v) dv
. Intensity weighted velocity at a given position <V> si f 5 (V) vdy
[S(v) dv
<V2>1/2 i JSW)(v—(V))*dv
. Velocity dispersion - [S() dv
Alternative: fit Gaussians (but profile shape is not always Gaussian)
ASTRON



Result of the moment analysis

ugcl953 ugcl953
70°10' T 51 — B 10— NN e ngzglml l ARI— 70° 10" pre—t—T—1 —t— gl —r—— — 50
- - 1 B0 1l
i i o . B 1F H40
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Q e R Q | 130
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= 69040'— — = 69040,“— —1 B 800 a 69040:_ | -. -
T L 105 i | -
i B ol | B ~00 r 0
69°301_ [ 69°30'}— - o il
T B R . & - '4h1'0m' - oém — O('sm — oim S R B R
4P1gm og™ o™ 04™ 4h1o™ 08™ 06™ 04™
Right Ascension (J2000) Right Ascension (J2000)

Right Ascension (J2000)

Total intensity Velocity field Dispersion map

With these maps, we can further study the distribution and kinematics of the HI
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Before we get these nice maps, we have to take care of the noise,
otherwise we would get this

u502953
70010' 1 I 1 I 1 1 1 l 1 1 1 I 1 T 1 l 2.0 -
: — luoo
S 1 o : - 1000
) 18 =) - S
o | %) o o
g i g = =
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| w3 8 oo F 8
= 5] e LY, s
© m (1] o
g R, = g
G I Il B - G o
() [ (]
A 89°40'|- I A 800 =
1} Ho5
69°30'l— = : : 700
| l | | | l | | | l | | | [—‘ 0.0 b 1 |
4h10™ 08™ 06™ 04™ gh1om 08™ 06™
Right Ascension (J2000) Right Ascension (J2000)

Right Ascension (J2000)

Total intensity Velocity field Dispersion map

Why?
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Ra: 04" 07™ 18.175 (J2000)
Dec: 69° 49' 15.00" (J2000)
| | | | | |

The spectral line only occupies
a small part of the full spectrum.

If we integrate the full spectrum,
we also add the noise where there
IS NO emission.

mJy/Beam

Reduces signal-to-noise

Is even worse for higher-order moments
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Ra: 04" 07™ 18.175 (J2000)

The spectral line only occupies R

8_

a small part of the full spectrum.

If we integrate the full spectrum,
we also add the noise where there
IS NO emission.

mJy/Beam

Reduces signal-to-noise

Is even worse for higher-order moments
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Solution: windowing,
I.e. only integrate over the channels
that contain emission



Mask the data cube by blanking the noise

original channel

Frequency: 1417.832 MHz
UGC5079
+22°00' B

« For each position, use only those channels that have signal,
and do moment analysis on masked cube instead of on the
original cube

Ra: 04 07™ 18.17% (J2000)
Dec: 69° 49' 15.00" (J2000)
| | |

| | | |

l | | | | | | | |
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By spatially smoothing the data, the S/N of extended emission increases

Units of the image are Jy/beam, so if if make the beam larger two things happen:

1.the noise increases(!!)

2.the flux of an extended source increases (because the beam is larger so more Jy/beam)

For an extended source, point 2 wins from point 1; For a point source 1 wins from 2....

® @

% kvis v1.0.2/Karma v1.7.20 @MacOosterloo.local: 1915

Files ||V Intensity || % Zoon

% Dverlay || % Export || Yiew || Edit || %/ Hew

Quit

@ @ % kvis v1.0.2/Karma v1.7.20 @MacOosterloo.local: 1915

®: 384 y: 347

Zz: 80 wvalue: -0.82 nJy/Bean

Files || % Intensity || Zoon || %/ Overlay || %/ Export || Yiew |[Edit || % Hew || Quit

Ra 04h 0/m 1.7/97s Dec 69d 50m 14.94s Vel: 1075.65 kn/s

®: 384 y: 347 z: 80 wvalue: -0.27 nJy/Bean

Ra 04h 0/m 1.797s Dec 69d 50m 14.94s Vel: 1075.65 kn/s

A

15 arcsec
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Simple strategy for masking the line emission is to smooth the data to lower resolution,
make a mask based on that smoothed data cube (e.g. clip at 3 sigma) and
apply this mask to the full-resolution cube.

% | kvis v1.0.2/Karma v1.7.20 @MacQOosterloo.local: 1915 L @ % kvis v1.0.2/Karma v1.7.20 @MacQosterloo.local: 1915
Files || % Intensity || %/ Zoon || Y Overlay || % Export || Yiew ||Edit || %/ Hew || Quit Files || % Intensity || Zoon || %/ Overlay || %/ Export || Yiew |[Edit || % Hew || Quit
®: 332 y: 302 wvalue: 95.45 ndy/Bean.kn/s ®: 332 y: 302 wvalue: 132.07 ndy/Bean.kn/s
Ra 04h 0/n 42.141s Dec 69d 4/n 15.16= Ra 04h 0/n 42.141s Dec 69d 4/mn 15.16s
Vel: 886.03 kn/=s | Vel: 886.03 kn/s

Total HI by
masking full-
resolution

cube at 3 sigma
of full-resolution
cube

Total HI by masking
full-resolution

cube at 3 sigma of
smoothed cube

o
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full velocity resolution

% kvis v1.0.2/Karma v1.7.20 @MacQOosterloo.local: 1915

By smoothing in velocity the noise decreases:!!!
Because 1 Jy =10-26 W m-2 Hz-1, not per channel

Files || % Intensity || %/ Zoon || Y/ Overlay || % Export || Yiew |[Edit || % Hew

Quit

Also smooth in velocity. Masking is a 3-D problem, not a set of 2-D problems

smoothed to lower velocity resolution

% kvis v1.0.2/Karma v1.7.20 @MacQosterloo.local: 1915

Files || % Intensity || Zoon || %/ Overlay || %/ Export || Yiew |[Edit |[% Hew || Quit

®: 356 z: 24 y: 319 wvalue: 1.40 nJy/Bean

®¥: 396 z: 24 y: 319 wvalue: 0.94 nJy/Bean

Ra 04h 07/m 23.580=s Vel: 613.98 kn/s Dec 69d 48m 23.04s

Ra 04h 0/m 23.580= Vel: 613.98 kn/s Dec 69d 48m 23.04s

Stokes 1|

Stokes |

Contours are at 2 sigma of
the respective cubes.



Created mask by clipping full-resolution cube at 3 sigma (1.8 mJdy/beam)
and by clipping full-resolution cube smoothed in velocity (1.0 mJy/beam).

last one has more signal and fewer noise blobs




How much should | smooth the data?

In principle you should smooth to the scale of the emission you want to detect.
But there is emission at many different scales, ranging from small blobs to large, smooth extended clouds.

Same in velocity: emission with narrow lines vs emission with broad profiles.

Dilemma: by smoothing, | increase the S/N of extended emission, but | decrease the S/N of a point
source, so if | smooth too much, | lose S/Nttt

Conclusion: there is not a single, optimum scale

S0 you have to smooth to many different scales (spatially, but also in velocity),
make a mask at each resolution and combine the masks

P soFiA
This is what SoFia does: ! Source Finding Application
Much less work than doing by hand, quite good results

(but sometimes needs tuning of the parameters)

ASTRON

Serra+ 2015
Westmeiler+ 2021




SoFiA using several spatial and

velocity scales

By hand, single scale smoothing Note that noise specks have gone

% kvis v1.0.2/Karma v1.7.20 @MacQosterloo.local: 1915 o O % kvis v1.0.2/Karma v1.7.20 @MacQosterloo.local: 1915
| Files || % Intensity || %/ Zoon || Y Overlay || % Export ||Yiew ||Edit || % Hew || Quit Files || % Intensity || Zoon || %/ Overlay || %/ Export || Yiew |[Edit || % Hew || Quit
®: 435 y: 260 wvalue: blank ®: 27/ y: 284 walue: 63.38 ndJy/Bean.kn/s
Ra 04h 0bn 22.832=s Dec 69d 44m 25.67s Ra 04h 08m 26.869= Dec b69d 4bn 2.84s
Vel: 886.03 kn/s




Kinematical analysis

For every position we have a spectrum from which we can measure the total flux and a velocity.

Can map the brightness distribution and kinematics of our object.
Model the kinematics in terms of mass models of all components (bulge, disk, HI disk, dark matter halo)

Velocity: 418.12 km/s
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Problem: beam smearing
if the velocity gradients are large on the scale of the resolution of the data,

these gradients get smeared out and this affects the fit

VLA (15”) GBT (525”)

©
S [
[o =
= C
> S
£ &
O ()
> @

0

] N
0 50 103/ (km/go 200 250 10 20 30 40 50
LOS o (km/s)

Solution: model the data cube in 3D: make model cube of the galaxy at high resolution
and smooth it to the resolution of the data cube. e.g. 3PBarolo, Tirific,...

ASTRON



Modelling the data cube instead of the velocity field solves the problem of beam smearing

150

ASTRON
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Future HIl instruments
(and the impact of RFI)

- Nearby Universe
- Distant Universe; emission and absorption studies (z > 0.25)
- |Intermediate redshifts (0.1 <z < 0.25)

ASTRON

RuG



ALMA millimetre array

at 5000 m in the Andes,
has given spectacular results
and will continue to do so

B >
ALMA Wideband Sensitivity Upgrade B
- Ama s
Newand &5 b | ; New Upgraded
Reaves N Bl |\ manmiion MY Soriend, B O

Beginning with new D ‘ Advanced Tochnokgy Upgradec Control,
Baed 2 roceivers, - ALMA Correldator (ATAC) and Tolcw, Schodcing,

followed by new Total Power Spoctrometor Obtsorver's Tool,
Band 6v2 and A (TPGS) I pew Corrplator et Aechivm
Band 8v2 receivers Room at the Operations

' ’ g 4 . & . ; g ™ r K & l"

ASTRON




ASKAP

Australia

. 36 12-m dishes ‘ J
. 700-1800 MHz

Very large field of view: 30 deg?
12-m dish has FoV of 1 deg?

ery good RFIl environmen

urvey telescope

STRON




Large FoV created by phased-array feed

Instead of a single detector, a large array of detectors which
IS used to create 36 beams on the sky.
Effectively 36 telescopes in parallel.

Component 95a - JO15516-251422 (0.106 Jy

All-sky HI survey z < 0.1 (Wallaby)
All-sky absorption survey z < 1 (Flash) S
Very deep field (Dingo) oo ——— e i IS E—
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MeerKat
(South Africa)

-

- 64 13.5-mdishes _ |
. 0.58-1.015 GHz - * —.. BRI Secpe
. 09-1.67 GHz
« 1.75-35GHz

Currently the best telescope in this
frequency range, in terms of sensitivity
and image quality

Relatively low resolution

ASTRON




Excellent surface brightness sensitivity

ty —

i

sensitiv

S

column gen

ASTRON

°Y (3c over 16 kms™ ')

QO

17

log(Nwi//cm

20

19

-

-

past targeted HI surveys

|

' 8

Ll

‘o

1

I YI ]’ YI L ] T“I
0 e ete single dish

5

10

50
beam size (arcsec)

100

500

resolution—

1

000

Declination (J2000)

Declination (J2000)

,,,,,,,,,,,,,,,,,,,,,,,,,,
—-. M s - . AT
F10kpe: F & - e DA
—20°50' fi+ LB / ; E L4
—21°00’ | .
10" F
"‘ |
20/

—20°50 .

—21°00' B

10/

20/ . glizt il ..’
13020™00° 19™30° 00® 18™30° 00°

Right Ascension (J2000)



3405100

- - :
; : T e
. . : . 5 6% 3 8
8 o 8 © . LA
. . ! > 2 ~ E ~ -35°00 “6
. ; v o T =
; " 8 #g & E
¢ R < -y <
-
- 22 o R .
- -35°00" "' . % Y E 23 )
. ' ; : ; — V10" x 2.7 x 10*%/cm? o 3
. X | . 3 : ) 155
: 10 - . : » : : RA (12000)
| . - . ioe e 0kpc [NGC 14274
2ol , : T 3
B o
g 268 3 26 &
: . : g g & g
: S © ) ©
s g g 3 g
3 28 4 24 €
g i X £
. : : 2 A 1l ! St — V307 x 2.8 X 10%/cm? |
z ‘ : ' : ‘ 457485 40m30°
: : 3 = ) RA (j2000) RA (J2000)
: ¢ O .
g ]
. = .. ..........................................................................................................................................................
. : b
YO ( - ~ T . T
\ ) 26 ¢ ) 26 ¢
. » - 8 c 8 S
R : . g © g ©
e : ' g 2 3 g
PO @ 00 1 e et ————— ——— a 24 g [a) 24 g
| Q ‘ - ,‘. == o o o
> - O R R A S I S S P e SR e X 2
ot M 3 -
f > h : 22 22
g 4 ~ 3 AT ¥ p N O nay - e 5o
% ) - N ; o~ it — V107 x 2.7 x 10%%/cm? | 1 — V107 x 2.8 x 10%¥/cm?
i B . : b 150 = "43m30°  15° ; 45740
o . > RA ()2000) RA (J2000)
X A , B : St - : .
- ‘ p y ) . m
: & ) : _,“" g - C YVEY g - 2Feaoyyererereeemeenfee e
. = [
. S @ _ ©
. X
- -~ :
. (v
; ©
> [}
.3 . e T G S S s N A B S e e s e R e e
. . - :
. L ..............................................................................................
. - 0 R
. . . . D
3
. n
- £
~ ' ' 3
L . 3
- 5 C
. D et e ¥ e s
. . C
¢ A - R Ly WRET——
' - » - Y U
E -
¥ . -
_ .. : i .
L Py g
: -
o A : . AR 00203 . g
: : - . Barycentric frequency (MHz)
. : - .
: : ;e , - : . RA (J2000)



Square Kilometre Array
(South Africa & Australia)

- low-frequency array (Lofar like
but bigger, but lower resolution)
50 — 350 MHz

. ‘expansion’ of MeerKat (~200 dishes)
350 — 15000 MHz

"5”_ ,f " 't‘

starts observing in 2030
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DSA2000

2000 ‘cheap’ dishes
in the USA

Will survey the entire sky in HI at ‘high’ resolution and sensitivity

ASTRON




Velocity (km s™1)

123 galaxies
o, =0.026+0.007

$=3.85+0.09
I=1.99+0.18

-100 -
Morganti+ 1998 ! 1.0 15 2.0 25
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Lelli+ 2019 108(Ve) [kms ]

NGC 4388
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Nearby Universe The HI surface brightness of the HI disk is the same in all galaxies
— more collecting area means higher resolution —
Key for answering many questions Gy o< B2

High-spatial resolution studies of the ISM in a large number of galaxies on scales
down to 100 pc

Role of H 1 in star formation processes; kinematics
Gas cycle in galaxies; Feedback

Significant improvement over current work (THINGS, MHONGOOSE,...)
Combine with tracers from other wavebands (like PHANGS; ALMA, MUSE, JWST,..)
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B97(107)
WHISP(S)(50)
LVHIS(55)
Bluedisk(39)
Diskmass(28)
THINGS(19)
Ursa Major(38)
VIVA(36)
WHISP(Sa)(41)
Atlas3D(9)

New lessons from the H 1 size—mass relation

LVHIS unresolved(15)
FIGGS(27)

VGS(14)

L14(16)

K09(23)

LITTLE THINGS(39)

2145




Nearby Universe The HI surface brightness of the HI disk is the same in all galaxies
— more collecting area means higher resolution —
Key for answering many questions Gy o< B2

High-spatial resolution studies of the ISM in a large number of galaxies on scales
down to 100 pc

Role of H 1 in star formation processes; kinematics
Gas cycle in galaxies; Feedback

Significant improvement over current work (THINGS, MHONGOOSE,...)
Combine with tracers from other wavebands (like PHANGS; ALMA, MUSE, JWST,..)
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Nearby Universe Simulations pr.ediclzt galaxies sho.uld be surrounded. by low column density gas;
Needed to maintain gas reservoirs and star formation.

To detect this, you need the right sensitivity at the right resolution
Current state:

MHONGOOSE: ~5x1017 - 1018 cm-2 at resolution of a few kpc
(MeerKAT)

not seeing very much of the extended, low density Hl:::

Galaxy - IGM interface
where does the gas come form?

It looks like we have to go deeper or to higher resolution (or both)

1 I I 1 1 1 l I 1 I 10

1 I I 1 1

10 I 1 1 I I I 1 I 1 ] Ll 1

d (kpe)
d (kpc)

D (Mpc) D (Mpc)

Physical resolution for detecting 1018 cm-2 Physical resolution for detecting 1017 cm-2
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BASELINE: 0.0

Nearby Universe

No impact of RFI for galaxies D < 60 Mpc (z =0.015)

because the 1400 - 1427 MHz band is protected by international law

Observing band is relatively clean down to ~1310 MHz (z ~ 0.09)
if you are at the right location

Time

Waterfall plot MeerKAT

ASTRON




F (mJy/beam)

1.420
frequency

. Chowdury, Kanekar & Chengalur 2022
Bright Intermediate

0 —-1000 0 —1000 0 1000
velocity (km/s) velocity (km/s) velocity (km/s)

log Mur /Mg
HI Mass (My;) [101° M, ]

‘== = Sinigaglia+22 (z~0.36)
=== Bera+23 (z~0.35) ==+ z=0 (Denes et al. 2014)
= MIGHTEE-+CHILES (2~0.36) . — 7= 1 fit

® z=1average

T T T T T 1T T T T T T T T
8.5 9.0 9.5 10.0 10.5 11.0 -20,0 205 -21.0 -215 -—-22.0 -225 -—-230
log M* /M@ Absolute B-band Magnitude (Mg)

Bianchetti+ 2024
Chowdury, Kanekar & Chengalur 2022




Distant Universe (z > 0.25, t > 3 Gyr)

Unique view of the cold circum-nuclear environment of AGN.
Important for understanding AGN physics and AGN feedback.
Out to very high redshift and with very high resolution (VLBI)

Current state:
» 2 < 0.25 : 30% detection rate!! (S > 30 mdy)

« Situation for z > 0.25 unclear. Indications that detection rate drops
- but could be due to selection effects (distant sources are more powerful)

Progress possible by:
* go deeper
* higher spatial resolution
- locate where the outflow is occurring
- much larger volume over which sources are resolved
» explore z > 0.25
- ASKAP & MeerKat are limited by spatial resolution,
SKA will be better

ASTRON % Faint detection at z = 0.46
SYZEH  (MeerKAT: Morganti+ 2024)

1449 Global VLBI, MERLIN and VLA 0.5 kpe
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Distant Universe (z > 0.25, t > 3 Gyr)

BASELINE: 2.700000e+01
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Fraction of time flagged

Intermediate redshift (0.1 <z < 0.25)

RFI Is a major problem

Kills much of the the science

Fraction of time flagged for baselines <1 km and >1 km for 4hr track (XX pol)
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