EHT 1mag1ng of the shadows
o ol supermassive black holes.
= III VLBI Wlth mm telescopes Cahbratlon'

& /
/
' 3




e Overall Objective

eIntroduce the practices of our trade: what it takes to measure the shadow of supermassive black holes

e Understanding your telescope

e ocations

*Dishes

*Receivers

e Digitisation

e Transport
eCorrelation

eData products
e|nstrument calibration
*On sky calibrators
eSelf calibration
*Closure properties
e Polarisation

e | ast lecture:

e Interpretation, calibrating gravity







e 8 telescopes at best

sites

eworking together

*Not positioned
for this purpose

e Recording high
bandwidth

¢ 32 Giga bit per sec
*64 Gbps later

e Good weather
earound the world







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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M87* band 3 2018 April 21

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
e 345 GHz: 1.5x better resolution

* Time sampled images

- To space for more targets and photon rings

African Millimeter Telescope
projected on Gamsberg, Namibia

@}3 Event Horizon Telescope
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e Observe strategy PP W N N L
o 2 === all (5548)
— (5}
eCentral go/no-go decisions based on local weather : APEX (1116)
. [}
* Interleave BH target with other source 5| v
eFor calibration purposes (and science) 08T —— SMT (1040
———— SMA (638)
e Good weather L JoMT (339)
. . . — SPT (770
¢ Still results in 10s coherence times 07 , .( .) Tl !
Every 10s the phases fluctuate to destroy signal ! Integration Time (8)
April 6 Table 1
pr1 | | | | | | | | Median Zenith Sky Opacities (1.3 mm) at EHT Sites
ALMA - BgE EgE B OG0 Bgh B0 EgE N IR G0 I 00 08 during the 2017 April Observations
APEX - Bgl EgE 0 EgN R EgE NN NgE DR QN Ogf Ege mgpo - -
PV | NgE NgE N NgE NgE NgE g H N B Station Median Zenith 713 mm
SPT - [| [| [| [| [| [| [| [| [| [| [| I Apl’ 5 Apl’ 6 Apl’ 7 Apl’ 10 Apr 11
LMT |- B0 i B 00 B B0 g NpR O R EpR EOR B ALMA /APEX 0.06 0.04 0.05 0.03 0.06
SMT OO0 e Il I e Ik e e age SMA /JCMT 0.10 0.07 0.09 0.05 0.08
JCMT - =§4082779 B NN R §gR IR EgE EgR PV 0.18 0.13 0.14 0.10 0.15
SMA + B R EE Ogf g NgE ngo LMT 0.13 0.16 0.21 0.26 0.24
| ‘ ‘ | | | | | SMT 0.21 0.28 0.23 0.19 0.16
0 1 2 3 4 5 6 7 8 SPT 0.04 0.05 0.07 0.08 0.07
l Time (UTC)
o — —
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All telescopes require same receiver bands

- Millimeter bands require mixing before amplification
-Receivers and LO generation very delicate |
- Mixes down to frequency for digitiser - —— SSiimass
-4 x 4GHz output for each receiver
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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.



e Must capture large BW for sensitivity

eBut only useful when same bandwidth at all

telescopes

e Digitise before transport

eExample:
______ receiverL.O- maser & 10 MHz
IFxd; distribution
\V USB (1LCP 1 RCP:‘; i v (1 LCP, 1 RCP) LSB
" BDC I BDC
GPS receiver ow Rx USB high | synthesizer "|_tow Rx LSB high
& distribution 2] T2 (2.048 GHz) 2] T2
(1 LCP, 1 RCP) ! + (1 LCP, 1 RCP) (1 LCP, 1 RCP) ; + (1 LCP, 1 RCP)
2 GHz each | i 2 GHz each 2 GHz each | + 2 GHz each
Y ¥ Y v
R2DBE R2DBE = R2DBE R2DBE
Rx USB, BDC low |«-Rx USB, BDC high Rx LSB, BDC low |-»|Rx LSB, BDC high
x2 x2 x2 x2
8 Gbps -_-a:.hl 1?. Gbps each n = 8 Gbps ;wl la Gbps each
Mark 6 Mark 6 SR Mark 6 Mark 6
Rx USB, BDC low Rx USB, BDC high Rx LSB, BDC low Rx LSB, BDC high

control
computer

1 GbE
switch

to BDCs, R2DBEs,

Mark-6s

------ analog
——- timing

----- communication

—— data
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| wv”,”

| Figure 8. EHT digital VLBI backend as installed at the Institut de

Radinastronomie Millimétrieme (TRAM)Y PV 30 m telesenne in Snain The
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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

astronomical product

telescope streams

correlator N fields
E tbeelgzqc:pes T/dt integra@ions
N subbands N(N-T) baselm_es
1-2 polarisations IZE> ® —> N subbands/filters
2xBW sample — L-T N frequer_lcy points
X bits/sample 1-4 pola_rlsatlons
pulsar bins
Complex visibilities (+weight)
Float representation




Correlator principle Continuum source

-Put in range of ‘test’ delays, correlate, accumulate B Laggg[nain
- Results in delay spectrum or FT to frequency
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Stringent constrains on geometry

-Same errors affect phase rate and delay
- 10 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

dt

. dB-5/c
—Lt=w,, t

dt dt

Gro =WpT, -0,

- 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

Adapted from Sovers,
Fanselow, and Jacobs Reviews
of Modern Physics, Oct 1998

[tem Approx Max.| Time scale
Zero order geometry. 6000 km 1 day
Nutation ~ 20" < 18.6 yr
Precession ~ 0.5 arcmin/yr years
Annual aberration. 20" 1 year
Retarded baseline. 20 m 1 day
Gravitational delay. |4 mas @ 90° from sun 1 year
Tectonic motion. 10 cm /yr years
Solid Earth Tide 50 cm 12 hr
Pole Tide 2 cm ~1yr
Ocean Loading 2 cm 12 hr
Atmospheric Loading 2 cm weeks
Post-glacial Rebound several mm/yr years
Polar motion 0.5 arcsec| ~ 1.2 years
UT1 (Earth rotation) Several mas Various
Tonosphere ~ 2 m at 2 GHz All
Dry Troposphere 2.3 m at zenith | hours to days
Wet Troposphere 0 — 30 cm at zenith All
Antenna, structure <10 m. lem thermal —
Parallactic angle 0.5 turn hours
Station clocks few microsec hours
Source structure d cm years




Output data

- Usually presented to astronomer as V;i(v.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...

W shared ' @8 commons_repo ' M curated /% EHTC_MB87pol2017_Nov2023

EHT M87 Polarized Data

DOI: 10.25739/q46m-m857

Creator: The Event Horizon Telescope Collaboration

Description: We release a calibrated polarimetric data set to accompany the First M87 Event Horizon Telescope Polarization Results paper series (EHT Collaboration et al. 2021a,b,
2023, see the README.md file for full references). It consists of 24 data sets covering the 4 observing days (April 5,6,10,11), two frequency bands (high and low) and two calibration
pipelines (HOPS and CASA). Al datasets include absolute EVPA calibration from ALMA and parallactic angle rotation. We provide two versions of the HOPS calibrated data. The base
version ("\"_hops_ALMArot.uvfits’) has no D-term calibration applied. The second version ("\'_hops_zbl-dtcal+selfcal®) has zero-baseline-derived D-terms (covering ALMA, APEX,
SMA, and JCMT) corrected, but the remaining stations are not corrected. In addition, this version has all visibility amplitudes and phases self-calibrated to fiducial images Stokes |
images of M87 from the SMILI pipeline (EHTC+ Paper IV, 2019). Both versions of the HOPS data have had the relative R/L complex gains calibrated with a global, multi-source fit
(Steel+ 2019). The CASA data has had all D-terms corrected to their reported values in EHTC+ Paper VI, 2021. It has not been self-calibrated. The R/L complex gains have been
calibrated assuming the intrinsic Stokes V visibilities are zero.

Publisher: CyVerse Data Commons

Publication Year: 2023

Rights: This data is made available under the Public Domain Dedication and License v1.0 whose full text can be found at http://www.opendatacommons.org/licenses/pddI/1.0/
Citation: The Event Horizon Telescope Collaboration (2023). EHT M87 Polarized Data. CyVerse Data Commons. DOI 10.25739/q46m-m857

Export Formats:  BibTeX Endnote

wnload Metadata

Name A~ Size Created Last Modified

B casa_data - Oct 23, 2023 7:48:29 PM Oct 24, 2023 8:06:29 PM
8 hops_data - Oct 23, 2023 7:48:33 PM Oct 24, 2023 8:06:29 PM
[} INVENTORY.txt 1.8kB Oct 23, 2023 7:48:58 PM Oct 23, 2023 7:48:58 PM
[ LICENSE.txt 345kB Oct 23, 2023 7:48:59 PM Oct 23, 2023 7:48:59 PM
[ README.md 4.5kB Oct 23, 2023 7:48:38 PM Oct 23, 2023 7:48:38 PM




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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Antenna based calibration

-Want to measure the visibility produced by the
sky intensity 4

- Practice is signals corrupted by instrumental
and propagation effects
V,()=G,V (t)+e,+n,

- Assume G being dominated by antenna based 2
effects: !

* i(6;(1)=0; (1))
G, =g g;t)=at)a;()e

For N=4, 6 baselines
responses are

- Use known source to solve for complex measured: 2, r13, ra4,
' r23, r24, r
antenna gains 23, 24, 34

- 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 Normgl prachces_ 'nCl,Ude
- And we have N(N-1) measurements (complex) iterative self-calibration
- S/N considerations and coherence time

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



Closure quantities

j— L4 * .o
-Important property when effects are antenna based Vij =8 §; Vy
- Both instrumental and atmospheric phases:

b= b+ n,— 1

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

Cix =+ P+ b=+ bj+ diy

OF

- Similar for amplitude and 4 tels

- Important constraint for

- self-calibration

- hybrid mapping

- RML methods can work directly with this

. CD| ~ 2nVTcIoud

- But require pos and total flux to be fixed

.
Le, .
- Data quality control Tel 2 e, '&



Example comparison 2017 vs 2018

2017 April 11

M87* 2018 April 21 -

[ [ [ 200 —

[ [ [ [ |
. —20 — ALMA-LMT-SMT = % — JCMT-LMT-SMT
5 ‘| ' “ 100
2 —40 — P , —
:‘E e 0
||
g —60— Y o ) } — 100
,(;: ' 1 — —
E'C; H ' ‘1 |'. " J l’
—80 % - _ L —
| | | | | | 200 I I I I I I
15 16 17 18 19 20 21 15 16 17 18 19 20 21
[ [ [ [ [ [ I I I I |
. ALMA-LMT-SMA ", ALMA-GLT-LMT |
-1
< 100 |- ¥
= 0 p ! -
% I
= '
& : T INEA N } | f
2 o AR - .
z "4 _s0k ¢ 2017 April 06 " IF IH |
- 2017 April 11 ] '
i 2018 April 21 ¥
| | | | | | | | I I I I
15 16 17 18 19 20 21 15 16 17 18 19 20 21
GMST (h) GMST (h)
am Event Horizon Telescope

N\ SIGRAV Vietri sul Mare 19-23 Feb 2024



Robust calibration e

I FITS-IDI (correlator output) I fringe fitting
ehtutil.ehtpang:
1 . P parallactic angle
e Comparing old an new software fissig and vormaiaion S
. FITLD+MSORT:
*eSome non-standard processing data loading Lst KRING:
7 scan-based all IFs
. . phase + delay + rate
e Amplitudes from overlapping uv-tracks ehtutiLancor: .
antenna correction >
H H H 2nd KRING:
.ConstralnEd eStlmateS Of Zero—SpaC|ng v scan-based each IF
ehtutil.ehtfgin: Phﬂs"-;‘delay
1 H load flag tables
e Several engineering releases reremmmy ; Fp—
+ ACSCL: 2 sec all IFs
oy phase+rate
amplitude normalization calibrator phase calibration noa:;}; lllitzua(:z)n ]
i idis N 4th KRING:
tlt::)dn rﬂ({:t;;dt;. ﬁj!::lgejli" . ! scan-based each IF
. P solution EDITA: phase + delay + rate
¥ intervals based on S/N flagging in time
I Mark4 data (correlator output) I accor: > ‘ ¥ v
| fringe files (fourfit output) | scale al:?::;felaﬁons Sringefit: BPASS+BPEDT: postprocessing
Y extend coherence time flagging in frequency .
Sfourfit stages v a priori and lfetwo'rk
postprocessing + ACSCL: amplitude calibration
| default config, flags | ALMﬂn}:'If:sf:t;ffsets amplﬁ:::e ‘
science target phase calibration normahzation
v | UVFITS conversion | ¥ | UVFITS data |
hase band | fringefit: . .
| pRase dandpas * optimal solution P infs't'r'l'ﬁ‘gtal
+ a priori amplitude intervals based on S/N ‘ phases & delays
| atmospheric phase | parallactic angle L ¥
* field rotation | multiband fringefit |
[fringefit: . A B H
| R-L delay offsets | Y v multiband delays & Flagglng bad data is a major
. . heric residual . .
i | Riginrato | porprocesing —— effort in this process
. “ . ”
| close fringe solution | v - a pr;;:;‘;"d ;;tw:irk bandpass: o B a d d ata Is worse th an no d ata
| network amplitude | amptuce caDration per-channel phases
I y
‘ | UVFITS data |
| UVFITS data |
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Polarization

- EM waves (including radio) have E- and B _
components y 7

-In radio interferometry measure two orthogonal . /é =g
E-field components B \/ :
-circular (RL) or linear (XY) i //

-Linear polarization: E, and E, are unequal

Polarization ellipse: linear

- Circular polarization: E rotates | 42200 — x|
Rt —_
by =-45

. Combined: FE traces an ellipse
- Form Stokes 1,Q,U,V from cross hands

pse: circular

- For example in circular basis:
I=(EE)+(EE) = (A} + (A})
Q =(EE')Y-(EE}) = <2ArA,cos(5,,)> A s S S
U=—i(EE)+i(EE)=(-24,A5in(5,)) - [arbniat:alry]
V= (EE) - (EE) = (47) - (47) |

Ey [arbitrary]

N

-2

i ! ! !
-3 -2 -1 0 1 2

E, [arbitrary]



More Stokes

3C279 with RadioAstron
- Stokes | measures total intensity at 22 GHz, Fuentes et al 2023

- Stokes Q and U measure linear
polarization

.Fractional linear polarization: p=4/0?+ U?/I <1

- Stokes V measures circular

polarization
- Fractional circular polarization: v = ||V||/1 < 1

- Degree of polarization:
P=\/Q2+U2+V2/I

- Very relevant for AGN studies
-Synchrotron intrinsically polarised
-Jet collimination
-Jet launching




THE ASTROPHYSICAL JOURNAL LETTERS, 910:L12 (48pp), 2021 March 20

Polarisation in the EHT

- Particularly challenging

- ALMA has linear feeds, most other
telescopes circular

Ut
T

Imaginary D-term component (%)

Imag D (%)
o

Imaginary D-term component (%)

- Current solution: calculate from correlator output o :L:}X%
® APEX
-Using ALMA internal calibration 1| o sma
- =T JCM
- Other antennas have various mount . e
configurations = D : |
- Rotating their polarised beams differently on the sky N g
- Occasionally even one channel may be missing B s | N
- Polarisation calibration |

- Requires unpolarised sources

Real D-term component (%)
April 11
T T T

-and/or source of known polarisation " .l
- Developed method of self-polarisation calibration ST L ST T
- Using polarimetric closure properties “ o C wur ;2




E H I re S u |tS THE ASTROPHYSICAL JOURNAL LETTERS, 910:L13 (43pp), 2021 March 20

M87* April 11, 2017 | —
- Published 2y after Stokes I...
- Significantly polarised

* Mostly azimuthal
 With some significant evolution

THE ASTROPHYSICAL JOURNAL LETTERS, 91¢:L13 (43pp), 2021 March 20 EHT Collshoration et al.

« A simple model has:
*Ne~ 1047cm-3
*B=1-30G ;
° Te = 1010-11 K

TOROIDAL MAGNETIC FIELD  * RADIAL MAGNETIC FIELD VERTICAL MAGNETIC FIELD

o0 Has
April 5 April 6 April 10
-+ Polodial/Vertical ,,, = g -
organised v U “
« MAD models
favoured I e
2 0.0 0.1 0.2 0.3

e Event Horizon Telescope . ) )
P Fractional Polarization |m| o4




April 5 April 6 April 10 April 11
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Tick Plot
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Brightness

0 a0 peas 50 pas A pas 90 pas 000

Field Line Plot

Figure 7. Fiducial M87 average images produced by averaging results from our five reconstruction methods (see Figure 6). Method-average images for all four M87
observation days are shown, from left to right. These images show the low-band results; for a comparison between these images and the high-band results, see
Figure 28 in Appendix I. We employ here two visualization schemes (top and bottom rows) to display our four method-average images. The images are all displayed
with a field of view of 120 pas. Top row: total intensity, polarization fraction, and EVPA are plotted in the same manner as in Figure 6. Bottom row: polarization “field
lines” plotted atop an underlying total intensity image. Treating the linear polarization as a vector field, the sweeping lines in the images represent streamlines of this

wew s 4 res - > e



Even did stokes V

- Some low level circular pol detected

e But not really imaged at 5%

- Faraday rotation of linear pol

» Probably not a good measure of physical
conditions

DMC Themis Polsolve Difmap m-ring (my = 1)

- And we still owe you.. ¢

* Polarisation of SgrA* HI

10 pas O

LO @ ‘
@}- Event Horizon Telescope @ @ ' . .

SIGRAV Vietri sul Mare 19-23 Feb 2024




Kim et al 2020

3C 279

Many ‘OfﬂClaI, I'eSU”S Janss;egtAal201 » 1 hor 017

« 187 Papers in 6 years

* >100 individual first authors

* Theory, simulation, |
* maging,

* methodology,

e data analysis,
J1924-2912 NRAO 530

* technical development IO UENEIE S e Issaoun et al 2022 Wielgus et al 2023
Mus et al 2022 - wren —wm
 other targets e e
e pulsar search
* ALMA polarisation properties
GC Pulsars, Torne et al 2023 55 Sy ' - _‘;:‘.'»- o Au N\ 23 attt
c." . Period (s) [ - \_’/
@}g Event Horizon Telescope o g
Rotation from Polarimetry, Wielgus et al 2022 w0~~~ 01~~~ 02 24
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