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Very Long Baseline Interferometry
WARNING

A There is a lot of information in this presentation!
A It may feel a bit like tryintp drink from a fire hose

You getltoydrinkifrom thefire hosel!
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Outline
A What isVLBI?

A Science applications
A CurrentVLBI arrays

A Practicalities
I Proposing

I Observing

I Calibration and imaging
Acknowledgement:dtole berrewed drew
A Future of VLB inspiration from Prof

versions of this talk
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Wh at makes 1t oVLBI 072

A VLBI is more than just the baseline lengths
i Adam Dell er: oltods more | i ke a 6syndr ome
AThere is no fundamental difference be
I Primary differences are in the technology used

Connected Element Interferometry Very Long Baseline Interferometry

_ __ All antennas share the same frequency Each antenna has its own independent
and time standard frequency and time standard

= Data are fed directly to the correlator  Data often recorded separately and late
sent to correlator

Weather and ionosphere over all Weather and ionosphere over each
antennas is mostly the same antenna is unique
Baselines are usually <100km Baselines are usually >100km
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VLBI- Extreme Angular Resolution
Very few things are point sources to VLBI

A — CTTQO [H]iéiiEAOAOAAl“Ao
I — = halfpower beam width

i _[w d = observing wavelength in cm
i 6 [Qd = maximum baseline in km (For VLBA, [Qd 8600)

VLBA— 0.85 0.47 0.32 0.17 0.12
[mas]

A Obligatory ridiculous comparison:

I A school bus on the moon would have angular dimensions of about 6.5 milliarcseconds |
by 1.4 milliarcseconds wide by 1.7 milliarcseconds tall
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Peculiarities of VLBI

A VLBI instruments are only sensitive to high surface brightness objects

i If the brightness temperature selow afew x 10 K, VLBI probably will not detect the object
A Missing short baselines lead to largest angular scale being pretty small

I Large, diffuse sources are not going to be detectable

I Note:With the VLBA, you can request to add one VLA antenna (Y1) to get two shorter
baselines (RY1 and LAY1)

A During A-configuration, you can request to add the three VLA antennas at the end of the arms
to add even more short baselines

A Structure on scales larger than the synthesized beam can lead to destructive interfe
i Can sometimes recover |1t with weighting
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Science applications 6fLBI

A VLBI provides a tool to study mdsvel structure in radio sources.
I Active Galactic Nuclei (AGN)
I Pulsars
| Masers
I Explosive transients (GRE3\e novae, etc.)
I Magnetically active stars
| X-ray binaries
I Manmade (e.g., planetary radar)
A AVLBI detection instantly identifies a compact sthermal source
I Synchrotron/cyclotron radiation (electrons in a magnetic field)
I Maser emission (stimulated emission)
I Thermal lines in absorption against athermal background
I Artificial (satellite, radar, etc.)
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VLBI Science Highlights
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FRB Localization

A Multiple repeating Fast Radio Bursts
(FRBs) have been associated with
persistent radio sources thanks to
VLBI observations
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EHT Black Holes (with polarization)
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M87 Black Hole Shadow + Jet
Global MillimeterVLBI Array with ALMA

A 3mm (86 GHz)

A VLBA + ALMA + GBT +
GLT + European telescopes

A Imaged jet and black hole
shadow

A Comparable to the EHT
Images

A Lu, et al. 2023, Nature, 616,
6386




Astrometry

AVLBI can centroid an

~0.01 mas /D) / SNR]

I Gaia accuracy is ~0.024 mas £

1

i PlusVLBI gets better access to the Galactic =
Plane because it can see through the dust

A Astrometry is easiest for point sources, but

source structure can also be modeled

0.1

A Good astrometric targets include:

I Masers
I Pulsars

I Magnetically active stars

I Jet components

0.02

o
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Gaia DR3 parallaxes vs VLBI parallaxes
From Nakagawa et al. 2026
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Refining the Ephemeris of Saturn

A VLBA monitored the Cassini spacecraft from 2004 to 2017.

A Observations provided accurate positions for the Saturn system barycenter in the
ICRF, which led to an improved ephemeris
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Postf 1 t resi dual s of -Getetmnednds orbit to the VLBA
position for the Saturn system barycenter (Jones et al. 2020)
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Astrometry of Magnetar Swift J18181617

A Magnetar age estimate = 860 years

A Hao Ding and collaborators used the
VLBA over 3 years to measure the
parallax and transverse velocity of the
magnetar

I Distance = 9.4 kpc
I Transverse velocity = 48 km/s

A Results indicate that magnetars may
form under different conditions than
other young pulsars

A Ding et al. 2024ApJ 971, L13

—_— LSS
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VLBI and the ICRF

A VLBI is used for the construction and maintenance of the International Celestial
Reference Frame

Defining

Each dot
represents
a quasar
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Quasars
Calibrators forVLBI

A Supermassive black holes producing jets
of relativistic particles e ——

A Very bright objects, so they can be seen [BE=. . Sl EN.
out to great distances T = ,u;e;;:;f,;sive

A Do not move compared to Milky Way ' -

objects, so they are great for defining a
reference frame Edoeon M\

Radio lobe

.’

¥, . Gasclouds
Dustytorus < Accretion
- disk
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X
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X
€ |
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>—Twisted magnetic
field lines
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Quasars as Calibrators 3C 279

Superluminal Motion

The catch

A The best calibrators are point sources,
but the VLBI resolution is so good that
not even most quasars are point
sources.

A VLBI can track the changes in the
guasar jets over time.

A Changes in the jet structure can lead
to uncertainties in the quasar position.

5 milliarcseconds

22 GHz VLBA images byWehrle & S. Unwin
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Absolute Precision of Calibrators

AThe uncertainty in a calibratorés pos
observation
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VLBI and Geodesy

A Observations of many quasar ,
Earth's Rotational Speed, 2016-2025

with known positions can tell (average day lngth

us about the behavior of the 57 2016 +1.34 ms
2017 +1.03 ms

Earth _ o 2018 +0.69 ms

I Can measure separations of A 2019 +0.39 ms

antennas to learn about plate B A, 2020 -0.00 ms
tectonics i = 2021 -0.18 ms

i Can measure the Earth 2022 - 025 ms

: : 2023 - 0.08 ms
Orientation Parameters 2024 -0.10 ms

A EOP measurements are iy 2025 (sofar) - 0.05ms
Important for maintaining
GPS precision

Image from theweathernetwork.com; Earth at night from NASA, data in table from IER
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VLBI Arrays

It is hard to photograph an entire VLBI array,
so here are some individual antennas

Effelsberg
(MPIfRRaimond
Spekkinyy

LOFARTautenburg
(ASTRON/TLS/Michael
Pluto)

—_________________-_-_-_ . _ ) : : ==

22 o T Lo i
NRAO Synthesis Imaging Workshop 2026 -VLBI NRAO
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TheVery Long Baseline Array

A 10 Stations
A All in US or US Territories
A Identical 25m antennas

A Shortest baseline:
200 km (PT to LA)

A Longest baseline:
8600 km (MK to SC)

AThe wor | d é&tseVLRAlTr
iInstrument (for now)

A Two proposal calls per year
(January/February & July/August)

-y il T — g ;},-
Kitt Peak, Arizona i ort is, T St. Croix, Virgin Islands

NRAO Synthesis Imaging Workshop 2026 -



European VLBI Network

e EUROPEAN

Onsala oF :

A Ad-hoc array

B A Three calls for
nsl proposals each
year

A Supported by
JIVE

Irbene

e-MERLIN w - Wettzell
’ “Effelsberg !

Arecibo /  Tianma

Kunming

Hartebeesthoek

. — ; .
24 RS
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Long Baseline Array

A Ad-hoc array

A Up to 8 stations

I Hartebeesthoeknot
shown in figure)
often participates

A Operates about 3
weeks a year

A The only Southern
Hemisphere VLBI array
(for now)

! ’
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. Ceduna
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Parkes 1 Narrabri
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Existing Radio Astronomy Sites \
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5,500 km Baseline
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East Asian VLBI Network

A Made up of 3 separate networks

I Korean VLBI Network (KVN;
Korea)

I VLBI Exploration of Radio
Astrometry (VERA; Japan)

] I Chinese VLBI Network (CVN;
China)
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Low Frequency Array (LOFAR)

International LOFAR Telescope (ILT)

A Subarcsecond imaging at
meter wavelengths

A 14 international stations
+ 15 stations in The ‘
Netherlands B - T ot

“sChilbolton B N .
W ~ 7/ LOFAR Core (NL)

A 15240 MHz Ny b i

{  Jilich

A Proposals accepted twice (e
per year

Borowiec

_Yautenburg

Unterweilenbach

Nancay

ASTRON

Father iovds

= ! .
27 AR B
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Event Horizon Telescope

Event Horizon Telescope (EHT)

A Global Network:of Radio Telescopes

A The highest angular resoluti
interferometer S 6T

T About 30microarcseconds —
A Operates at 230 and 345 G}

A Annual call for proposals
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Extended arrays

A MostVLBI arrays use data formats and setups
compatible with other VLBI arrays, nevi_BI
arrays, and single dishes

A TheVLBA routinely observes with the High
Sensitivity Array (HSA), adding phased VLA, Green
Bank Telescope andffelsberg

I Increases sensitivity by factor of ~8

A VLBA + EuropeanVLBI Network + others = the
oGl obal VLBI Arraybd

A Global arrays perform geodetic observations for
reference frame measurements and Earth
Orientation Parameter determination.

SN1993J, 11.7 million lighears away, imaged over 1!
years with VLBA+DSN+EVNBfetenholzet al. 2003)
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Global Millimeter VLBI Array

A Submas imaging at 3mm
(86 GHz)

A 2 sessions a year (only
one with phased ALMA)
I Times are set early and
do not move to
accommodate weather
A Proposals submitted via
the NRAO Proposal
Submission Tool
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VLBI field of view

A Two settings chosen for correlation will impact the field of view:
I Number of spectral channels and scan integration time

A Bandwidth smearing

i Large bandwi dths I ead to sources being
the phase center), gets worse further from phase center

I Can mitigate with larger number of spectral channels
A Downsidesd less perchannel sensitivity and larger file sizes
A Time smearing (a.k.a., time averaging losses)

I The fast fringe rate due to long baselines means that sources get smeared in the directic
perpendicular to the radius, gets worse further from phase center

I Can mitigate with shorter scan integration times
A Downsidesd less peiscan sensitivity and larger file sizes

NRAO Synthesis Imaging Workshop 2026 -VLBI



Field of viewd bandwidth smearing
8-hourVLBA observation at 5 GHz, 128 MHz per spectral windoge2ond scan integrations

64 spectral channels 128 spectral channels 256 spectral channels 512 spectral channels
per spectral window per spectral window per spectral window per spectral window

Images taken from planobs.jive.eu
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Field of viewd time smearing

8-hourVLBA observation at 5 GHz, 128 MHz per spectral window, 256 spectral chanr
per spectral window

2-second scan 1-second scan 0.5-second scan 0.25second scan
integrations integrations integrations Integrations

Images taken from planobs.jive.eu
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Challenges
A VLBI capabilities are constantly improving, but some challenges remain

A Recent improvements: A Remaining challenges:
I Bandwidth increases for better I Uncorrelated
continuum sensitivity atmosphere/ionosphere (can
i More stable electronics address with high cadence

i Multi-field (multiple phase calibrator scans)

center) capabilities for imaging I No absolute flux calibrators
several sources in a beam (need to use system
temperature and gain)
I Radio frequency interference
(especially at-24 GHz)

—_— LSS
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Observingd Phase Referencing

AObserving dim targets requires a stra
A You need to observe a relatively bright calibration target near your science target

i Calibrator generally need to be within 5.7 degrees of the science target

I Closer is better

I The more pointlike, the better

A You need to cycle between the calibrator and the target fast enough to account for
tropospheric and/or ionospheric turbulence

I The calibratottargetcalibrator cycle time should be less than coherence time

A The goal is to be able to interpolate the phase corrections obtained from the calibrat
to the science target during calibration

A Astrometric observations may require more than one phase reference calibrator
i OMul ti viewOo met hods
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Observing Calibrators
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Lots of structure
Bright on short

baselines, but dim o
long baselines

Pointlike structure

Bright enough on
baselines

Figures from the RFC

-VLBI
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Observingd Sensitivity and U¢overage

VLBI UVcoverage is always worse than for a connected element interferometer

VLA UVcoverage, 8 hours, Dec +34 degrees VLBA UVcoverage, 8 hours, Dec +34 degrees
Vwvs Ufor CASA.CBEAND1.1 Source:CASA
Ants*-" Stokesl IF#1-2 Chan#1 : : : : :
100ME N
SDI"'I: B
£ = o ]
% -
—30M[F -
—lUUM: :
115[]|'I"| - I—1[I.'|[.'||'I"'| - I—5I[.'||"’|I — [I] - I5[I.'||""|I — Il[]IUI"'II —
Kllo Wavingth ) ) u {_;.t}

/‘ " GREEN BANK @ - :
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Observingd Sensitivity and U¢overage

A Sensitivity is not always the most important aspect of an observation

A Remember that UNtoverage impacts images

I Image fidelity is best when the t&dverage is welinatched to the source brightness
distribution

I Better U\fcoverage leads to better images due to improved dynamic range and improvec
sensitivity to different spatial scales

A Think carefully about what you really need when you write your proposal

A If you are observing one target at multiple frequencies, you can improveov&fage by
alternating tunings throughout an observation

I E.g.,40 minutes at 5 GHz, 40 minutes at 8 GHz, repeat to fihawd block
A U\Lcoverage at both bands will be much better than two separat®@r blocks

I Caveatyou cannot switch between PFB and DDC tunings on the VLBA
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Observingd Sensitivity and U¢overage
A VLBA, 1 hour,5 GHz, 4 Gbps, 70% time on source, RA 18:20:00, DEC +34:48:00
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Figures from planobs.jive.eu
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Observingd Sensitivity and U¢overage
A VLBA, 4 hours, 5 GHz, 4 Gbps, 70% time on source, RA 18:20:00, DEC +34:48:00
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Observingd Sensitivity and U¢overage
A VLBA, 8 hours, 5 GHz, 4 Gbps, 70% time on source, RA 18:20:00, DEC +34:48:00
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Observingd Sensitivity and U¢overage
A VLBA, 12 hours, 5 GHz, 4 Gbps, 70% time on source, RA 18:20:00, DEC +34:48:00
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UV-coverage also depends on source declination
RA 18:20:00, DECO0:48:00

RA 18:20:00, DEC +34:48:00
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UV-coverage also depends on source declination
If your source has a declination near O degrees, youcbkérage may be pretty terrible

100M|

8-hour VLBA
observation i I T s

RA18:20:00 © o ~ T LT e
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—100M|
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alibratior® Fringe Fitting

The major step inVLBI calibration that is not used for most connected element
cali bration i1s called ofringe fitting

During this step, the software solves the relative phase error equation to eliminate (o
least reduce) errors in both frequency and time

i 3 (o) n n — 3y 30
I AIPS task: FRING; CASA tafikngefit
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Calibrationd Fringe Fitting
Results of fringe fitting
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Calibrationd Fringe Fit Limitations

A Fringe fitting assumes the calibrator is a point source
I If you picked a good calibrator, this is usually fine

I If you know the calibrator structure, you can give the fringe fit task a model that may enal
it to do a better job

A The effectiveness of the fringe fit task depends on the sigrabise of the calibrator
scans
I If the calibrator is not bright enough, fringe fitting will fail
I Sometimes source variability ruins your entire observation
A If the ionosphere or atmosphere is changing faster than the nodding cycle, fringe fitti
will not help much
i oDecorrelationo
I Not much you can do unless the target is bright enough for-salibration
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Imaging
A Once VLBI data is calibrated, you can do imaging with whichever software you prefe
A Some recommendations:
I AIPS: Lots of tools for imaging
I Difmap Lightweight package specifically for VLBI imaging, easglgiftion
I CASA: Can usécleanor iclean easy to look over images in CARTA
A Interactive cleaning STRONGLYrecommended!

A Note that sparse UMoverage means you need to be more careful with deconvolutior
I Setting the loop gain to a lower value than for connected element interferometers is a go
Idea
A Gains of 0.05 or lower tend to work well

A Sometimes it is useful to start with a higher gain (0.05), and lower it as you clean down closer
the noise
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Selfcalibration

A Nearly allVLBI datasets need to refine their calibration beyond the basics

A The ionosphere and/or troposphere over each station can be very different
i At low frequencies, the ionosphere has more impact
I At high frequencies, the troposphere has more impact

A Selfcalibration: Use a model of the source to refine the calibration further
I Typically start with an image of the source made after initial calibration

I For phaseaeferenced observations, you can apply the-saltolutions from the phase
reference calibrator to the science target

A BE CAREFUL!
I Selfcalibration (especially amplitude se#f) can build in fake structure!
ASee Joshua Ma r-wgalibrafios forimere detailse on sel f
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What is next for VLBI?

51 7/‘ ._'i.EREEN!!_.nU.K ' T



Square Kilometer Array Phase  Mid

A SKA1 Mid will add a new station for
EVN (at least for equatorial sources)
and LBA (for better sensitivity and UV
coverage in the Southern Hemisphere)

A Multiple tiedarray beams over small
field of view may enable advanced
calibration
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