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EHT imaging of the shadows 
of supermassive black holes. 

III. VLBI with mm telescopes, calibration!
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Today
•Overall Objective

•Introduce the practices of our trade: what it takes to measure the shadow of supermassive black holes
•Understanding your telescope

•Locations
•Dishes
•Receivers
•Digitisation
•Transport
•Correlation
•Data products
•Instrument calibration
•On sky calibrators
•Self calibration
•Closure properties
•Polarisation

•Last lecture:
•Interpretation, calibrating gravity
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Event Horizon Telescope
•8 telescopes at best 

sites
•working together
•Not positioned  
for this purpose

•Recording high 
bandwidth
•32 Giga bit per sec
•64 Gbps later

•Good weather
•around the world
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EHT members at telescopes
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High sites, small dishes

•Atmosphere blocks millimeter waves 
•Mostly pressure broadened water and ozone lines 

•Observing conditions characterised by water vapour 
column 
•halfway space… 

•Other requirements: 
•Dishes need to be very precise 

•Receivers very small and delicate 

•In addition for EHT 
•Accurate (and expensive) maser clocks 

•We must observe close to horizon very regularly 

•Requires good weather 
•across the globe 

•Some of our telescopes are interferometers
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More telescopes
• GLT added to 2018 campaign

• NOEMA, Kitt Peak in 2021, 2022 
• 2025+ possibly more observatories:  

• Owens Valley, Haystack, South-Korea,  
Africa Millimeter Telescope (Dutch project!), Llama 
(Argentina) 

• ngEHT project to build dedicated telescopes 

• Option to use higher frequency in 2024 
• 345 GHz: 1.5x better resolution 
• Time sampled images 

• To space for more targets and photon rings
African Millimeter Telescope 
projected on Gamsberg, Namibia
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Lucky in 2017
•Observe strategy

•Central go/no-go decisions based on local weather
•Interleave BH target with other source

•For calibration purposes (and science)
•Good weather

•Still results in 10s coherence times
•Every 10s the phases fluctuate to destroy signal

108

Time (UTC)
0 1 2 3 4 5 6 7 8 9

ALMA
APEX

PV
SPT
LMT
SMT

JCMT
SMA

April 6



/01SIGRAV Vietri sul Mare 19-23 Feb 2024

All telescopes require same receiver bands

•Millimeter bands require mixing before amplification 
•Receivers and LO generation very delicate 

•Mixes down to frequency for digitiser 

•4 x 4GHz output for each receiver 

•
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28 CHAPTER 2. RECEIVERS

Figure 2.15: Block diagram of Band 9 cartridge (left) and a schematic image (right). Note that there are only
two IF outputs, one from each polarization in this DSB receiver. The Band 9 receiver was built at SRON in
the Netherlands.

Figure 2.16: Band 9 zenith transmission for pwv = 0.2, 0.5 and 1mm. Frequency is in GHz.
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Fig. 2. The mixing scheme employed in both the original prototype and newdesign.

Fig. 3. The waveguide structure, shown in negative, of the RF part of theprototype 2SB mixer. The RF input is in the front, the LO input on the rear.The large square cavities contain the matched loads.

shown in figure 4. As can be seen, even in its prototype state,the performance is already within ALMA specs for most ofthe frequency band.

III. DESIGN CONCEPT
One of the main lessons learned from the implementationsof the original 2SB mixer block is the importance of a modulardesign, for several reasons. In the first place, because of thehigh complexity of the mixer block, involving machining onvastly different scales, it turned out to be very difficult toobtain blocks of satisfactory quality. Many times, in a latestage of production, small mistakes or accidents happened,ruining all the machining effort that had been put in already.In a more modular design, production is still critical, but theconsequences of errors will be much more contained.Another serious handicap that turned up in the monolithicdesign was the inability to replace mixer devices individually.To obtain a high sideband separation, not only the hybrids haveto be of high quality, also the junctions (especially their gain)must be balanced as much as possible. Removal of a mixerdevice from the monolithic 2SB block involved dissolving theglue that held the device, and this turned out to be impossiblewithout losing the other junction, which was only a couple ofmillimeters away. This made the matching of junctions a verylaborious and time-consuming process. In the new design itwill be possible to exchange the mixer devices independently.

Fig. 4. The noise temperature and sideband-separation performance asobtained with the prototype mixer block. The ALMA requirements are 335KSSB noise temperature over 80% of the band, and 500K over the entire band;the separation should be better than 10dB.

Even a modular design of a mixer block does not automat-ically imply ease of assembly. Therefore, additional designcriteria were defined, such as that a minimum number ofcomponents have to be removed to replace junctions, no wireshave to be unsoldered, PCBs removed, etc.Because this design study targets a minimal-impact upgradeof the currently produced receiver cartridges, compactness isan important issue. Especially the optics package, which inthe production cartridges consists of two closely integratedblocks that contain all the mirror surfaces, is an expensive andcritical part. The initial intention is to keep the current opticsblocks, possibly with minor reworking. Other parts, like theoptics mounting bracket (“cradle”) are easier and cheaper tomanufacture again, and less effort shall be spent to try to reusethose.
Other expensive or long-lead time parts are the 4–12GHzcryogenic isolators and low-noise amplifiers. Whether thesecan be kept depends for a large part on the chosen IFconfiguration, which in turn is determined by the capabilitiesof the back-end and correlator, and, last but not least, thepreferences of the observer community.

IV. CONFIGURATIONS
One of the requirements for any ALMA receiver cartridgeis that the total bandwidth is 8 GHz. Currently all bandsemploying 2SB mixers output both upper and lower sidebands,both over a band of 4–8 GHz. Band 9 is the only production
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• Often double for 2 circulair polarisations 

• but linear at ALMA…
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Then digitise…
•Must capture large BW for sensitivity

•But only useful when same bandwidth at all 
telescopes

•Digitise before transport
•Example:

•4GHz (at IF band)
•Requires 8 GHz sampling (Nyquist)
•Requires 16 Gbps  (2 bit sampling!)
• In 8hr: 52TB
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Correlator

•Correlators must deal with data from 
telescopes 
•Must keep up with data rate 

•Deliver user product 
•May determine sensitivity of interferometer 

•Spectral resolution 

•Time resolution 

•And resulting Field of view
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⊗
N telescopes 
N beams 
N subbands 
1-2 polarisations 
2xBW sample 
X bits/sample

N fields 
T/dt integrations 
N(N-1) baselines 
N subbands/filters 
N frequency points 
1-4 polarisations 
pulsar bins 
Complex visibilities (+weight) 
Float representation

correlator

telescope streams
astronomical product
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Correlator principle
•Put in range of ‘test’ delays, correlate, accumulate 

•Results in delay spectrum, or FT to frequency spectrum
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Multiply 
& accum.

Continuum source

Frequency

Lag domain
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Stringent constrains on geometry

•Same errors affect phase rate and delay 
•1o of phase over 16 MHz = 173ps (ps = 10-12s) 
•To keep both clocks stable over 10min and 500 
MHz ≈ 1:1015 

• Expensive maser clocks to make atmosphere limiting 
factor 

•And 16ps ≈ 5mm required accuracy over 1000km 

•The natural fringe rate is high for long 
baselines 

•This comes out at 100 kHz for VLBI 
•Small errors in model leave mHz fringe rate 

• And more at high frequency 
• Example small few mas position error
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Output data

•Usually presented to astronomer as Vij(ν,t) 
•Cross (and auto) correlation spectra 
•Sampled at visibility dump time, integration time 

• Can be quite long 10 - 30s for short baselines 

•Need a lot of overhead information to be 
used for calibration and processing 
•IF labels, and polarizations 
•Time tags 
•frequency information, edge and increment 
•Antenna indexes 
•u,v,w coordinates 
•Telescope pointing and source labeling 
•Maybe other details of correlator model 

•Format for transport: FITS  
•But calibration software depends critically on 
content…
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Calibration

•Three levels of calibration, and editing 
also important 

•A priori and built in: 
•Pointing, antenna gain, system temperatures 

•Antenna positions, time, frequency 

•Geometrical model, delay, uv coordinates 

•Cross calibration 
•Known sources, bright, simple structure, accurate 
position 

•Often making assumptions on stability instrument, sky 

•Sometimes done by observatory, sometimes 
astronomer 
•Can be critical for the succes of the experiment 

•Self-calibration 
•Iterative process done by astronomer 

•Let’s say it is ‘heuristic’…
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2 baselines shown

amplitude

phase

3C345
3C454. 3C84

J2254+1341
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Antenna based calibration

•Want to measure the visibility produced by the 
sky intensity 

•Practice is signals corrupted by instrumental 
and propagation effects   

•Assume G being dominated by antenna based 
effects: 

•There should be no baseline-based error for robust correlators 

•Use known source to solve for complex 
antenna gains 

• Intuitive to talk about antenna amplitude and phase 

•Point source (unresolved) with known (or constant) flux 

•With N antennas need to solve for 2N-1 unknowns 
• And we have N(N-1) measurements (complex) 

• S/N considerations and coherence time
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€ 

˜ V ij (t) = GijVij (t)+εij +ηij !

€ 

Gij = gi (t) gj
*(t) = ai(t)aj (t) e

i(θi ( t)−θ j (t )) !
1 

2

4 

3

For N=4, 6 baselines 
responses are 
measured: r12, r13, r14, 
r23, r24, r34

Normal practices include 
iterative self-calibration
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Closure quantities

•Important property when effects are antenna based 
•Both instrumental and atmospheric phases: 

•Can form closure phase on triangle 
•All antenna-based errors drop out 

•Similar for amplitude and 4 tels 

•Important constraint for 
•self-calibration 

•hybrid mapping 

•RML methods can work directly with this 
•But require pos and total flux to be fixed 

•Data quality control
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Tel 1

Tel 3

Tel 2

 Φ2

 Φ1 ~ 2πντcloud

 Φ3

cloud

ϕij = ̂ϕij + ηi − ηj

Cijk = ϕij + ϕjk + ϕik = ̂ϕij + ̂ϕjk + ̂ϕik

Vij = gi ⋅ g*j ̂Vij
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Example comparison 2017 vs 2018
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Robust calibration
•Comparing old an new software

•Some non-standard processing
•Amplitudes from overlapping uv-tracks
•Constrained estimates of zero-spacing 

•Several engineering releases
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•Flagging bad data is a major  
effort in this process 

•“Bad data is worse than no data”  
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Polarization

•EM waves (including radio) have E- and B 
components 

•In radio interferometry measure two orthogonal 
E-field components 
•circular (RL) or linear (XY) 

•Linear polarization:  and  are unequal 

•Circular polarization:  rotates 

•Combined:  traces an ellipse 

•Form Stokes I,Q,U,V from cross hands 
•For example in circular basis: 
  

  

   
  
•

𝐸𝑥 𝐸𝑦
→
𝐸

→
𝐸

𝐼 = ⟨𝐸𝑟𝐸∗
𝑟 ⟩ + ⟨𝐸𝑙𝐸∗

𝑙 ⟩ = ⟨𝐴2
𝑟 ⟩ + ⟨𝐴2

𝑙 ⟩
Q  = ⟨𝐸𝑟𝐸∗

𝑙 ⟩ − ⟨𝐸𝑙𝐸∗
𝑟 ⟩ = ⟨2𝐴𝑟𝐴𝑙cos(𝛿𝑟𝑙)⟩

𝑈 = − 𝑖⟨𝐸𝑟𝐸∗
𝑙 ⟩ + 𝑖⟨𝐸𝑙𝐸∗

𝑟 ⟩ = ⟨−2𝐴𝑟𝐴𝑙sin(𝛿𝑟𝑙)⟩
𝑉 = ⟨𝐸𝑟𝐸∗

𝑟 ⟩ − ⟨𝐸𝑙𝐸∗
𝑙 ⟩ = ⟨𝐴2

𝑟 ⟩ − ⟨𝐴2
𝑙 ⟩
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More Stokes

•Stokes I measures total intensity 

•Stokes Q and U measure linear 
polarization 

•Fractional linear polarization:  

•Stokes V measures circular 
polarization 
•Fractional circular polarization:  

•Degree of polarization: 

 

•Very relevant for AGN studies 
•Synchrotron intrinsically polarised 

•Jet collimination 

•Jet launching

𝑝 = 𝑄2 + 𝑈2 /𝐼 ≤ 1

𝑣 = 𝑉 /𝐼 ≤ 1

𝑃 = 𝑄2 + 𝑈2 + 𝑉2 /𝐼
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3C279 with RadioAstron 
at 22 GHz, Fuentes et al 2023
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Polarisation in the EHT

•Particularly challenging 

•ALMA has linear feeds, most other 
telescopes circular 
•Current solution: calculate from correlator output 

•Using ALMA internal calibration 

•Other antennas have various mount 
configurations 
•Rotating their polarised beams differently on the sky 

•Occasionally even one channel may be missing 

•Polarisation calibration 
•Requires unpolarised sources 

•and/or source of known polarisation 

•Developed method of self-polarisation calibration 
•Using polarimetric closure properties 
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EHT results
• Published 2y after Stokes I…
• Significantly polarised

• Mostly azimuthal  
• With some significant evolution 

• A simple model has:
• ne ~ 104-7 cm-3 

• B = 1 - 30 G 
• Te = 1010-11 K 

• Polodial/Vertical  
organised

• MAD models  
favoured
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First M87 Event Horizon Telescope 
Results I. The Shadow of the 

Supermassive Black Hole

42 μas
≈ 700 au
= 98 lh

Distance to M87: 16.8 Mpc 
Black Hole mass: 6.5 109 Mo 

Observations at 1.3 mm ≍ 230 GHz 
Brightness temperature: 6 109K 
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Even did stokes V
• Some low level circular pol detected

• But not really imaged at 5% 

• Faraday rotation of linear pol
• Probably not a good measure of physical 

conditions 

• And we still owe you..
• Polarisation of SgrA*
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Many ‘official’ results
• 187 Papers in 6 years

• >100 individual first authors 
• Theory, simulation, i 
• maging,  
• methodology,  
• data analysis,  
• technical development 
• other targets 
• pulsar search 
• ALMA polarisation properties

GC Pulsars, Torne et al 2023

J1924-2912 
Issaoun et al 2022

Rotation from Polarimetry, Wielgus et al 2022

NRAO 530 
Wielgus et al 2023GC Transient Search 

Mus et al 2022

Cen A 
Janssen et al 2021

Kim et al 2020
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End of lecture III


