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Radio Astronomy
ALMA -- Atacama Large Terahertz(mm) Array

 Background

 Apply Proposals Band 6,3 to study Jet structure black hole

e THz Advantage, Constraints, Applications

e THz Atmospheric, Sensors, Galactic, Benefit

 Types of Telescope

 Radio Astronomy, Interferometry, System

* Why Radio Astronomy

e ALMA

* Aperture synthesis , Frequency Synthesis, Rotation, Correlation
 Black hole, Black Hole in Galaxies
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Radio Astronomy
ALMA -- Atacama Large Terahertz(mm) Array

 Hawking Radiation

* Einstein’s Theories of Relativity

 Quantum loop theory, String theory overcome singularity
e Special Relativity

 Space Travel Near Black Holes

 Observational Evidence for Black Holes

e Test of General Relativity

* Roy Kerr Black Hole Equation for BH Model for image

* M87 = Video 2 VLBI Array

* Black Hole Sgr A*—> Kerr matrix BH, Cluster/average Image
* Polarization

e Summary, References
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Worked THz ALIVIA% Jomed Chalmers Lab JPL & OSL

Jet Propulsion Laboratory
California Institute of Technology
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Research paper on THz for ALMA

Quadrature Waveguide Coupler with H-plane Horn Antenna at 2.5 THz

Mehdi Khan',

' University of science and technology of China, ' Upplysning Robotics SMC PVT LTD

The Atacama Large Millimetre/Submillimeter Array (ALMA), the most extensive astronomical
undertaking to date, is a visionary telescope comprised of 66 high-precision antennas. Situated at
an elevation of 5000 metres in northern Chile, the Chajnantor Plateau houses this revolutionary
telescope. ALMA is a single telescope of revolutionary design, composed initially of 66 high-
precision antennas and operating at wavelengths of 0.32 to 3.6 mm. Its main 12-metre array has
fifty antennas, each measuring 12 metres in diametre, which together act as a single telescope—an
interferometer. An additional compact array of four 12-metre and twelve 7-metre antennas
complements this.

This paper talks about a waveguide structure that has a 450 pm x 90 pm quadrature waveguide
coupler and a 2.5 THz H-plane Horn antenna. The coupler has a bandwidth of 3 dB. Analyse the
quadrature waveguide losses while integrating the H-plane horn antenna and manipulating the skin
depth thickness. It is applicable to balanced amplifiers, sideband-separating mixers, THz-balanced
heterodyne receivers, power combiners, and dividers. By employing the FEM method and HFSS
simulation, the design was optimised.

Radio astronomy receiver for 70-90 GHz
HEMT amplifier vs. SIS mixer frontend

hichdi Fham
DEPT. OF Fadic and Space Science
e-mailmehdilFsmdent chalmers . sa

Abstract=-

In this paper I compara ance of HEMTs amplifier and ﬂ:h[l.tzr 'WR_’IdJI] Astroponry receiver at 70 to 90 GHz The mixer

perform;
nedzs temaparabars when using 35B. DEE, 183E. (Side-tend) MModulation

Introduction:-

HEMT:-

High electron mebility transistor (HEM
was invented in 1920 by himara et al [1]. The
Marrow bandgap HEMT 15 mainky utilized in low
noize and low power applications. The most
distinctive properties of HENMT: are their mawinum
frequency of oscillation Fmax and noise fizure. The
highest ever achieved Fmax among all types of
tramsistors is based on 35 nm InGaAsInAlA=TnE
HEMT, and it 1z abowve 1 TH= [2]. It also provides
Very hj.gh cutoff frequency and cutoff frequency more
that 560 GHz is reported [3]. The noize figure
provided by HEMTs is the lowest in microwave and
millimeter-wave region with respect to other
tramsistors. For instance minimum neise fizure of 1.2-
1.3 dB at 90 GHz can be obtained based on 150 nm
InAlA=TnGals HENMT [4], which iz excellent for
radio space astronomy as amplifiers [5].

SIS:-

SIS (Superconductor-insulator-superconductor) a
theory of superconductivity developed by Bardeen,
Cooper, and Schrieffer in 19537, A SIS junction
consists of two superconductors separated by a very
thin (onlv several atoms thick) laver of insulator,
typically an oxide. The three lavers combination is
referred to as a trilaver because they are usuallvy made
without breaking the vacuum [6]. The SIS junctions is
limited to the high frequency sidb by sap
frequency[7]. The sensitivity of 815 mixers is
excellent among all type of submm mixers in their
frequency range. The extensivly used
superconducting material in 815 juncctions iz Wb and
alumimem oxides, e g 4203 .-5._10 etc. [6] for
inssulator, NB has & transition. temperature of abowt
9.6 K, and SIS devices baszed on it must be used at
temperatures below 3 K. SIS junctions that are made
of these materials are said to as Nb-AlOx-MNb
junctions. The performance of an SIS mixer iz limited
by the zap frequeuc,\ F=4M which iz about 1200
GHz= for Nb-AlO=-INb junctions. More than 1200
GHe, the conversion efficiency of SIS mixers
des;rad.es rapidly and other mixing principles or
superconducting materials with higher enersy saps
must be used. There is one more frequency
limitations comes from the BF loss in
superconducting microstrip lines abowve a frequency

2lso compass Orthegoenal meds for Daal Polerization.

limgit of F=2A% Above that frequency it becomes
more difficult to compensate for the SIS junctions”
geometric capacitance by using superconducting
microstrip lines. The wav to reduce the influence of
the junction’s capacitance 1= to uze higher current
densities. Thiz would require a very small area
junctions in order to keep reasonzable value of BN
Electron beam pattern definition can than be used to
?ﬁalge an efficient SIS mixer for frequencies above 1

Sideband:-

1.8S5B:-

The concept of single side-band (S5B) that if
vou don't need two side-bands (LSB USE) and get rid
of one. To make that happen, vouneed to add a
component to your system that removes the extra
side-band. That component iz called a band pass
filter. Band pazs filter remove the lower side-band
{LSB) and the carrier from the specttum. The
remainder is fransmitted. The receiver in a 35B
system has its own carrier signal (from a local
ozacillator) that iz puts back in. By eliminating the
duplicated side-band and carmrier from fransmission,
the bandwidth has been reduced by half. The formula
for predicting bandwidth in a S5B system is BW =
£im. where fiy, is the maximum modulating frequency
used. Bv reducing the bandwidth transmitted, vou
may put double the mumber of channels (or statm-ns]
i the same frequency band.

SSEB cuts the bandwidith in half and improwves the
efficiency to nearly 10024 You must add a band pass
filter to the transmitter and a local oscillator to the
receiver to make a conventional system into SSB.

2.DSE:-

In Double Sideband communication both
sidebands are transmitted. This reguires twice the
bandwidth BW = 2fiy; and power of tramsmitting just
one of the zidebands | but mvolves less complex
tramsmitters and receivers.
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Background Silicon Valley

CTO: Chinese silicon valley = Hengtong 7t" largest company
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IMEMCE, Journal of medical, electronics, and mechanical circulatary suppart,
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Total Artificial Heart: State-of-the-art

Mehdi Khan', Pervaiz Chaudhry?, Zhi-Cheng Jing®, Lin Fujiang® and Muhammad Khalid
Pervaiz'

A review is f oo Ay i ey el emtire avtificinl prelsering heerts, inclvding Symeardia, Abiocor, Upplysaing
Robotics fmenma), and Cormat. There is o thorough examination of these devices” technical features, toking info accound their
common flaws for anificial pelsaing kearts: lower dependability amd lmited wrefulness becanse of the large size of te
implamiable module. The Carmat total arsificial heart, whick ix presently wndergoing clinical trials and parsially resolves these

fwanes, ix thoroughly exomimed.

Iniroduction

The primary objective during the carly stages of mechanical
circulstory support (MCS) development was to replicate the
physialogical processes of the heant through the implementation
af flexible diaphragms and unidirectional valves. Steel pulsating
machines, mcluding ihe entirely anificial heart Lioita-Heart and
Jarvik 7, were the conseguence of this development. Although the
implaniation process was fruitful, ihe wiilisation of these devices
was constrained by their substantial dinsensions and inadequate
dependability resulting from the multitsde of mobile compoents
[1-4].

Current frontnanners in the trestment of beart failure that bave
achieved ibe highest kevel of clinical success and are extensively
implemented are third-generation circulatory support devices
known as constant flow retary pumps [1, 2, 5]

However, there are siill pobential applicatsons for total artificial
heants (TAH), including the rescue of patients experiencing
cardiogenic shock in the event that beart transplantation fails,
specifically when there is an urgent need for hemodymanic
recovery [6]. Additionally, TAH implaniation offers a superior
six=month survival raie n to the circulatory support
apparatus for bath veniricles of the beart [7].

! Upplysning Robotics:mehdiE upplysningavances com
* Unised Christian

! Pebisg nbo medical unlversiy

* Universiy of seicsee and ischnology of Chisa

* Te whom cosrespondence should be addressad.

This analysis will provide a stabe-of-the-ant description of
pubsaiing MCS sysiems intended for total  myocardial
replacement. A summary of the characteristics and features of
these devices is provided in Table 1.

Syncardia Total Artificial Heart

For the replacement of both ventricles of ihe heart, the Syncardia
device (SynCardia Systens. USA), a pulsating total artificial heart,
is the maost prevalent MCS system variani. i measures 400 ml m
volume and 160 g in weighi [8]. For a bridge to iransplant (2004)
and voluntary implantation in patients who have been denied a
heart transplant (2012}, i has received approval from the FIDA [6].

The artificial beart is comprised of the subsequent elemenis:
auionomous left and righi polyurethane veninicles, each with a
volume of T0ml {see Figure 1). and a transducer control cable thai
links ihe veniricles to an extemnal pnesmatic compressor [6, 9],

Directional Mocd fow is provided by two Medironic-Hall single-
leaf mechanscal valves (X7 mem indet valves and 35 mm outflow
valves) in each antificial ventricle [6, 11]

Thi main umnit is compased of thermoplastic pobyurethame IsoPlase.
I order to canstrsct the ventricular chambers, suocessive layers of
polyurethame with varying hardnesses are poured. The ventricle is
composed of two distinct sections.

023 amal of weddical, chsowonic. s Fschanical CACRlTy SR
Lshors Pakistsn
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ALMA Extension VLBI: Science and Proposals

Frequency Band 2 6 & 3
Deadline = 31 January, 25 April 2024

I-TRAIN #21, 19 Jan 2024

Interactive Training in Reduction
and Analysis of INterferometric
data with the European ARC
network

€EUROPEAN ARC
ALMA Regional Centre

Design: Katharina Immer
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mm VLBI science: First black hole images

ms7* Black hole imaging at event
horizon scales

Magnetic fields near event
horizon

Study accretion disk physics ‘

Gravitational physics

EHTC et al. 2019a,b,c,de.f EHTC et al. 2022a,b,c.d.e.f

Head Office: Main G. T. Road, Besides Ghalla Mandi, Jallomore, BataPur, Lahore, Pakistan, 54000

U pp|ysn|ng RObOtiCS SMC PVT LTD Office 2: No 30, Block H, Phase 6, Street 8, Defence, Lahore, Pakistan, 54792,
https://www.upplysningavancez.com , Email: info@upplysningavancez.com, Phone 042 37187769




& &l IR T SRR zoom by 1.5
Jet structure and jet launching "~ . -. million times!

“Highly collimated edge-brightened _
jet sxructure_with same (_)'rientation
as large scale jet in mm emission.,

Cen A: EHT (1.3 mm)

~

3 I
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log,Jorightnass tempearature (K)) v Brightness temperature {10° K)

= _ o S A - Janssen et al. 2021
E£SOIWF1 (Optical); MPHR/ESO/APEX/A Welss et al. (Submen); NASA/CXCICIA/R Kraft et al. (X-ray) -
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. Strong interactions with Mater — All states
. Significant Penetration in some materials
. Naturally occurring spectral signatures
. Natural Frequency for femtosecond probing
. Very high sensitivity for signal detector
. Aperture Advantages over millimeter
. Non-Inoizing Radiation
. Low Tolerance Optics
. Huge Available Bandwidth
10.Untapped Potential

O o0 NOUL B WNPE
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. High Material Losses — Metals and dielectrics

. Poor Atmospheric Transmission

. Noise Background Limited Signal Detection

. Few Natural Resonances except in low pressure gases
. Poor Contrast/ Huge Speckle Ratio

. Millimeter-Scale Focus at Best

. Large Apertures Required

. Serious Guide Media Dispersion and Losses

. SSSSS For Components/Instruments

OO NOOULLPDS WDN -
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1. Space Science: Astrophysics, Earth, Planets, Comets and
Asteroids

2. Plasma Diagnostics

3. Non Destructive Evaluation (Assorted niches)

4. Gas Spectroscopy and Quantum Physics

5. Ultrafast Chemistry and Nonlinear Optoelectronics

(Since Thz Time Domain Systems — Late 1980S
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0.3 to 3THz Bands & Atmospheric Transmission

* Gases in the earth's atmosphere absorb electromagnetic radiation to the Most wavelengths from space do
not reach the ground.

* Visible light, most radio waves, and some infrared penetrate the atmosphere.

* Through atmospheric windows, wavelength regions of high transparency

* Lack of atmospheric windows at other wavelengths is the reason for astronomers placing telescopes In space

NASA’ s interest in the THz bands is due to measurements of unique spectral features in the
Earth, planetary and small body atmospheres, as well as interstellar and intragalactic space.
Strong water and oxygen absorption in the atmosphere make high altitude platforms
essential for good seeing
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Astrophysics Drivers for THz sensors

THz is the primary freq. for line and continuum radiation from cool (5-100 K)
gas (atoms and molecules) and dust.

i = - ¥
H,O (PARA) e cn

s I“-"f ~—__3a Useful for Studying Stellar

P and Galactic Constituents

Spectrum ©1 KN H,0" (PARAN | O1 .
" N —HO" and Evolution, Cosmology,

o'} of o = .
> Interstellar sm°€u- Dust & Gas Chemistry,

Dust | Heised Cosmic Background Physics.

A
—_— \420' (ORTHO)
Mg+

Optical Image

— DUST EMISSION
o ~——f —HEAVY MOLECULES

30K 1 - —— —— e
ol BLackeooYy F—= VIBRATION-ROTATION SPECTRA
10 — OF POLYACETYLENES AND PAM's

345 GHz Image

\ -

[ — —

[: — DUST RESONANCES

CO 1=3-2 image taken with
the SuperCam, 64 pixel,
heterodyne array receiver
mounted on the APEX
telescope in northern
Chile. Courtesy Chris
Walker, Univ. of Arizona.

l 27K COSMIC BACKGROUND

| 1 i . x.- e
2mm 1Tmm S00pm 200z:m 100m

o~ A
(From: Tom Phillips, |[EEE Proc., 80, no. 11, 1992)
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Galactic Emission at THz Frequencies

Half the luminosity and 98% of the photons released since the Big Bang fall into
the Submillimeter and Far IR regions!

E rrrvTTYy T YT YTy T T T
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Spectrum of Milky Way galaxy showing luminous power
output vs. wavelength. Almost 50% of the power is emitted

at THz frequencies!

{(From Dave Leisawitz, SPIE Proc., 4013, Mar 2000) l

Energy output vs. wavelength for galaxies of ascending
ages showing advantages of THz detection for probing the
early universe

(Courtesy Bill Langer — Herschel Sp. Obs. )
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THz Telescope
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Types of Telescopes

« Optical Telescopes

« Ultraviolet and X-Ray

« Space-Based Astronomy - Hubble
* Infrared Telescope

« Radio Astronomy

Interferometry
—> The Alma Array

Wslble;lghi/l.?-Si“B‘ | Infrared /-Spitzer

R,ad.io / VLA
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Radio Astronomy

Radio telescopes

» Similar to optical reflecting telescopes

* Prime focus

* High sensitive ( with shorter wavelength); can

be made very large

-
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Radio Astronomy

Largest radio telescope is the 300-m dish at
Arecibo
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Radio Astronomy

24 hours

frequency
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Interferometry
Interferometry:
« Combines information from several widely
spread radio telescopes as if it came from a
single dish
* Resolution will be that of dish whose
diameter = largest separation between dishes

(@) (b)
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Interferometry

Interferometry
Involves combining
signals from two
receivers; the amount
of Interference
depends on the
direction of the signal

D — A _ 0.877mm 30407 k
TB 2x100 oM
M87= 2 * 10~2 Angular Resolution

A m Waves arrive out of step
B @ = destructive interference

A m Waves arrive in step

e — B @ = constructive interference

A
B
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Interferometry

radio images
resolution

Interferometry e ——
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The ALMA Array

This image shows a protoplanetary disk
surrounding the star HL Taurl.
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Radio astronomy is a subfield of astronomy that Ra d io Ast rono my Syste m

studies celestial objects at radio frequencies. The first

detection of radio waves from an astronomical object was
1035 Submm/mm

Source Signal
observed Visualization

i
ﬁ— Earth Atmosphere
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Iy

Antenna collecting

I

I
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/ i \
: Spectrum
Front end reconstructed
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Back end

Amplified and transposed signal sent
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https://en.wikipedia.org/wiki/Astronomy
https://en.wikipedia.org/wiki/Astronomical_object
https://en.wikipedia.org/wiki/Radio_frequency

Radio Astronomy System
Submm/mm

USING SIS
technology

Low-pass

filters =
SISC——

Backshort

15 GHz | IF signal Waveguide in
—={ | mixer | |amplifier preessing
4K 15 K
I
Helium
Local refrigerator
oscillator

Head Office: Main G. T. Road, Besides Ghalla Mandi, Jallomore, BataPur, Lahore, Pakistan, 54000

Upp|ysn|ng RObOtiCS SMC PVT LTD Office 2: No 30, Block H, Phase 6, Street 8, Defence, Lahore, Pakistan, 54792,
https://www.upplysningavancez.com , Email: info@upplysningavancez.com, Phone 042 37187769




Up to 100 GHz, usual scheme is :

Cryogenic LNA
4-120r 77K

Radio Astronomy System
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amplification

g

Antenna | e s
|
GLNA l Gnext stages
T | T ,
HEB IF HEMT 156Hz_ IF signal
—i | Mixer | |amplifier prcessing
| 14K 15 K
Il
Helium :_"“__"_c""'““'__;t_ﬂ'
Local refrigerator : LO A t200TTK i
_— \ :Mixer IF :
Antenna !
Micro Wave / i :
Power Input |
. T . Cuix Gina :
. : ;s ant T T |
Basic Bolometer Bridge Circuit Lo Mx ] LNA_ |

Upplysning Robotics SMC PVT LTD

Head Office: Main G. T. Road, Besides Ghalla Mandi, Jallomore, BataPur, Lahore, Pakistan, 54000
Office 2: No 30, Block H, Phase 6, Street 8, Defence, Lahore, Pakistan, 54792,
https://www.upplysningavancez.com , Email: info@upplysningavancez.com, Phone 042 37187769




Radio Astronomy System
o Submm/mm , Receiver

mixer block

TEM image of the cross section
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Why we need Radio Astronomy

The stunning images taken by optical instruments like the iconic Hubble Space Telescope are famous
the world over, but there are many details they cannot see. Radio astronomy reveals parts of the
invisible sky. By detecting radio waves emitted by a wide range of astronomical objects and
phenomena, radio telescopes provide a totally different view of our Universe.
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Why we need Radio Astronomy

Spectral line mm VLBI: a new ALMA capability!

Maser transitions within ALMA Bands for VLBI (1,3,6,7)

Hzo masers include: 96, 268, SiO masers include: 43, 86,

321, 325 GHz 215, 258, 301, 344 GHz

CH 3OH masers include: 44,

HCN masers include: 89 GHz 95, 217. 230, 349 GHz

-+ But do check the tuning compatibility of the other antennas in the array
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nebula of orion Why we need Radio Astronomy

Hydrogen gas release by stars by inside region, new star gass

horse head nebula Orion constellation
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Why we need Radio Astronomy

Optical vs infrared
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orion nebula

Radio to study cold gas we see gas and dust 10 light year away disk of dust, debre disk comet collision
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Radioastronomy: A brief history

In 1933vKarl Guthe Jansky proved it was possible to

capture certain bands of electromagnetic radiation

coming from the Universe with antennas similar to
those used in radio transmission.

Later in 1937, Grote Reber, another American
engineer, built the first parabolic radio telescope in
order to capture and register radio wave signals
originating from the Universe.

In 1938 Reber was able to detect radio wave
emissions from the Milky Way.

Jansky antenna carrousel, which he designed to capture 20.5-MHz frequency radio waves (a wave length of around 14.5
meters). The antenna is mounted on a rotating platform allowing it to turn in any direction.
Credit: NRAO-Green Bank
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The History of ALMA

In the 1980s the international scientific community

developed an interest in creating a radio telescope

that could capture, at high resolutions, millimetric
and sub-millimetric radio bands.

In 1995 the European Organization for Astronomical
Research in the Southern Hemisphere (ESO), the
National Radio Astronomy Observatory (NRAO) of
the United States and the National Astronomical
Observatory of Japan (NAOJ) began to carry out

atmospheric trials in the Atacama desert.

Four years later, in 1999, the three observatories
signed a cooperation agreement to install ALMA in
Chile.

Another six years passed and in October 2005, the
foundations were laid on the Chajnantor Plateau, Z;tgAL‘;;’;(E‘:O;NA;J/N‘:A;)NAOJ

initiating construction of the ALMA observatory.
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The soul of ALMA

The people who work at ALMA represent more than
20 nationalities and the most diverse cultures,
languages and professions.

In addition, there are thousands of people from
distant universities, institutes, laboratories and
companies who collaborate to make the world’s
largest and most powerful radio astronomy
telescope a reality.

Everyone contributes scientific experience, new
designs and groundbreaking technological
developments.

Working with ALMA components at the Rutherford Appleton Laboratory in the United Kingdom, 2004.
Credit: ALMA (ESO/NAOJ/NRAOQ), H. Zodet, ESO.
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ALMA operation

In 2013 ALMA’s 66 antennas fully operational.
This mean a huge leap forward in astronomical
terms, since ALMA will have a sensitivity and spectral
resolution 100 times greater sensibility than its
predecessors in millimeter and sub-millimeter
waves.

As has happened with the great telescopes that
have preceded it, ALMA will allow us to see things in
the Universe of which we aren't yet aware.

Group of antennas at Chajnantor Plateau, 2011.
Credit: ALMA (ESO/NAOJ/NRAQ), J. Guarda.
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ALMA Receivers Bands

ALMA Wavelength Moise Temperature Frequency p uced b Receiver First
Band coverage (mnm) (K) Specification (GHz) Y Technology light
1 6—8.6 32 35 - 50 ASIAA (Tamwan) / NACY (Japan) HEMT 2021

0OS0 (Sweden) /
2 2.6-4.5 AT 67 — 116 NOWA (Netherlands) / INAF (italy) /  HEMT TBD
NAOJ (Japan)

3 2636 (S10] 84 — 116 HlA (Canada) sis 2009
4 1.8-2.4 82 125 - 163 MNAC (Japan) sis 2013
5 1.4—1.8 105 163 — 211 ﬁgﬁ;ﬁi;;ds}l sis 2016
[+ 1.1—-1.4 136 211 - 275 MNRAO (US) sis 2009
7 0.81.1 219 275 - 373 IRAM (France) sis 2009
a 0.6-0.8 292 385 — 500 MNAC (Japan) sis 2013
9 0.4-0.5 261 602 — 720 MNOWA (Metherlands) sis 2011
10 0.3-0.4 344 787 — 950 MNAC (Japan) sis 2012
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Why Chile?

e »~ The Earth’s atmosphere and the water vapor it
contains absorbs the sub/mm radiation

Facilities operating at sub/mm wavelengths need

to be located at high altitude and in dry places

Aqua Satellite: Observing the Earth’s water cycle;
Cloud coverage averaged over 13 yvears

Head Office: Main G. T. Road, Besides Ghalla Mandi, Jallomore, BataPur, Lahore, Pakistan, 54000
Upp|ysn|ng RObOtiCS SMC PVT LTD Office 2: No 30, Block H, Phase 6, Street 8, Defence, Lahore, Pakistan, 54792,

https://www.upplysningavancez.com , Email: info@upplysningavancez.com, Phone 042 37187769




The ALMA Array

The ALMA Array is a set of 66 radio antennae
located in northern Chile, which detect
radiation with wavelengths between 0.3 mm
and 10 mm. The antennae are mobile, allowing
excellent resolution.
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Why is ALMA is so Powerful?

South latitude

Because it is located 5,000 meters above
sea level on the Chajnantor Plateau in the
Atacama Desert.

The altitude and aridity make it an
exceptional site for astronomical
observation.

The minimal amount of water vapor at
the site provides the transparency needed
for the antennas to capture millimetric
radio wavelengths without distortion.

: -
=
2
B
=

ALMA is the highest-altitude land-based observatory.
Credit: ALMA (ESO/NAOJ/NRAO).

| +
West longitude 7:)" a;;
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Dark Energy Now we also know that warm, cold and dark matter

Accelerated Expansion
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What we can see in universe today

Scientific technological development today allows
scientists to design equipment that can capture a
wider range of wavelengths.
Optical telescopes, which observe the light of the
stars and hot gas emission.
Ultraviolet and X-Ray observatories that study very
hot gas and ultra energetic emission.
Infrared light observatories that study warm and
hot dust.
Radio telescopes that capture radio emissions
from warm and cold matter.
ALMA observes millimetric and submillimetric radio
wavelengths.

| Infrared /-Spitzer

Radio / VLA - . Ray-X Tay- Visible Light* | X Ray/ thand'ra

View of Centaurus A galaxy in radio wavelength from VLA radio telescope.
Credit: VLA radio telescope.
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What ALMA can see

By observing millimetric wavelengths,
ALMA can see the so called “Cold Universe”,
where plants and galaxies are formed.
ALMA has an unprecedented capability for
discovering the presence and distribution
of molecules in space and can observe,
with high resolution, masses of cold and
warm gas around protoplanets.

By observing the "invisible" ALMA can see
our sun in detail and capture light emitted
by particles rather than light reflected by
them.

Thus, ALMA opens up innumerable
possibilities for astronomical research, from
the discovery of new interstellar molecules
to the mysteries of our cosmic origins.

Combined view of the dust ring around the bright star Fomalhaut from the ALMA observatory and Hubble telescope, 2012.
Credit: ALMA (ESO/NAQOJ/NRAO) / NASA / ESA.
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How does an ALMA antenna work?

Most antennas used in radio astronomy have a
reflective surface that is parabolic in shape.
Because of its geometric characteristics a parabolic
antenna can efficiently capture signals that reach its
surface and direct them to a single point known as
the focal point.

The wavelengths concentrated at the focal point are
channeled to band receptors located behind the
antenna, at the so-called front end, where signals
are amplified and digitized so they can be processed.

Antenna diagram, 2012.
Credit: ALMA (ESO/NAOQJ/NRAOQ).
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Resolution

A telescope’s capacity to capture details depends on
two things;
The diameter of the collecting surface.
The color or wavelength of the light it captures.
The greater the wavelength to be captured, the
greater the diameter must be.

In order to observe with the sharpness of the
human eye, a radio telescope such as ALMA needs to
be at least 500 times wider than the human eye.
The construction of such an enormous antenna,
however, is impossible. The scientific community
has solved this problem through Interferometry.

The resolution depends on the diameter of the collecting surface.
Credit: ALMA (ESO/NAQJ/NRAO).
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Interferometry

W\ g
W VW E—

SOURCE \/\/\/ 2
UNPHASED ALMA DATA
RADIO ANTENNA COMBINED
WAVES DISHES IN PHASE

Interferometer diagram, 2012.
Credit: ALMA (ESO/NAOJ/NRAQ)

INCREASED
SIGNAL

MARKé
RECORDER

The surface of an antenna is made up of various
panels, and the antenna would still work if one of the
panels were missing.

It is possible to group together multiple antennas
inside a large, defined surface area, where each
antenna acts as a panel within this “virtual antenna”.
When a group of antennas is synchronized to observe
the same object and the signals captured by each one
are then directed, simultaneously, to a single focal
plane, an image is obtained that is equivalent in
resolution to an image obtained by a single antenna
equal in diameter to the group of antennas.

The 66 antennas at ALMA, located on the Chajnantor
Plateau, will form a radio interferometer with a
maximum diameter of 16 kilometers.
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e |f the source emission is unchanging, there is no need to measure all the pairs at one time

* One could imagine sequentially combining pairs of signals. For N sub-apertures there will be
N(N-1)/2 pairs to combine

e Adding together all the terms effectively “synthesizes” one measurement taken with a large
filled-aperture telescope

e Can synthesize apertures much larger than can be constructed as a filled aperture, giving very
good spatial resolution

Simulated I ¢ locus
EHT telescopes u-v coverage image reconstructed
NOEMA

observing time: 05:55 [UT]

Dristance (meters )

~— yitoal focus -

ok e i

)- Event Horizon Telescope
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ALMA’s Interferometry by Martin Ryle

Aperture Synthesis
The technique of Interferometry, invented by the

* sample V(u,v) at enough points to synthesize the equivalent large

British astronomer Martin Ryle in the 1950s, not aperture of size (U, v )
only allows for a greater diameter but also enables — 1 pair of telescopes — 1 (u,v) sample at a time
redistribution of the antennas depending on the — N telescopes — number of samples = N(N-1)/2
. , : — fill in (u,v) plane by making use of Earth rotation:
resolution r.equwed for each observation. Martin Ryle: 1974 Nobel Prize in Physics
The more details that are needed, the greater the — reconfigure physical layout of N telescopes for more

diameter over which the antennas will be distributed — | £ Mm e
for greater resolution. ' 1918-1984
If greater amplitude is needed, the antennas will
be grouped together in smaller-diameter groups, in
order to cover larger portions of the sky.
ALMA has two transporters that can move the
antennas for the diameter requirements of each
observation.

O e 2 configurations
=L :;C:“:i PR of 8 SMA antennas
¢ AR b 345 GHz
Dec = -24 deg

Artist’s conception of the extended array of antennas at ALMA.
Credit: ALMA (ESO/NAOJ/NRAO).
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EHT telescopes

u-v coverage

Simulated
image reconstructed

observing time: 05:55 [UT)

)o Event Horizon Telescope

Upplysning Robotics SMC PVT LTD

Head Office: Main G. T. Road, Besides Ghalla Mandi, Jallomore, BataPur, Lahore, Pakistan, 54000

ARRAY CONFIGURATION
015} N=12
0.10 2o,
0.05 LR ST
® ~
0.00f 4 56 >
30 () N
0.05 *)
[}
0.10 L
0.15}

—0.10.1€0.08.000.050.100.15
E-W offset (km)

45.00MODEL IMAGE: 8.80e+03 Jy

UV PLANE DIRTY BEAM

200

45.0° 5= 45.0 A=10.0mm
H=-15h/

150 [l 1.00 Jy/beam
Aa= 0.00/Aé= 0.00

200
200150100 50 0 -56-10681562
U (k) RA offset (as)

o DIRTY IMAGE

cceo I |0 000, i 000
OB %

|10.00

+ Antenng- Antenﬂ*duce data 100

ave arrayjoad arri”)ad mod

Quit

Office 2: No 30, Block H, Phase 6, Street 8, Defence, Lahore, Pakistan, 54792,

https://www.upplysningavancez.com , Email: info@upplysningavancez.com, Phone 042 37187769

6.69e-01 Jy/pixel 2 n 8.39e-01 Jy/beam

Aa= 0.00/As= 0.00
-~

BNy
ERS T

150
.

200 MeEINNE] I 0 .50 -200 ,l:___
200150100 50 0 -56-106156200 200150100 50 0 -506-1081562

ISEESIED 19N

RA offset (as) RA offset (as)




EHT telescopes u-v coverage image reconstructed

observing time: 13:30 [UT]

>+ Event Horizon Telescope
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The IF signal from each receiver looks like a noise signal. Part of the
waveform is really signal from the source, and part of it (perhaps the largest
part) is noise. If both signal and noise look the same, how do we tell the
difference? The essential point is that source signal will be correlated
between the two antennas, while the (locally generated) noise signal will
not. This is illustrated with the simulated waveforms from two antennas,
below:

A major refinement is to use a second correlator, and shift one of the
signals by n/2, so that both sine and cosine components are measured
simultaneously, as shown below.
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ALMA’s Imaging Correlator > Video

Correlator
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How ALMA translate wavelengths into images?

Each antenna has a front end, where band receptors convert wavelengths into electrical signals to be sent to the back end,
a complex and accurate electronic system where the signals are digitized and synchronized
and then sent, via fiber optics, to a central computer known as the Correlator.

Dﬂon brdceséing

Antenna Array

Focal Plane

01010101

Digital

oToTeTo NN/ A\ WENN T+ Astronomic lerory

ALMA operations diagram.
Credit: ALMA (ESO/NAQJ/NRAO).
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How can we observe through ALMA?

Each year scientists compete for observation time by
presenting proposals that are evaluated on the basis
of scientific merit.

Priority will be given to projects from the countries
that finance ALMA: North America (USA and Canada),
East Asia (Japan and Taiwan), 14 European countries
and Brazil. Chile, as the host nation, is entitled to 10%
of the overall observation time.

Those astronomers whose proposals are admitted
don’t have to travel to ALMA to carry out
observations; instead, they will have remote and
exclusive access to the data gathered.

ALMA has an exclusive software structure that allows
astronomers to do many things, from generating the
astronomical project to receiving the data for the
observational proposal.

Scientists examining ALMA data.
Credit: NAOJ
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Summary Interferometry

Aperture Synthesis VLBI,
One Antenna FT plan Three antenna 6 Points FT

VLBI, many antenna Points FT

Black hole M87 Image
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Supernovae Type |, Il

This graphic illustrates the two different types of
supernovae:

(a) Type | Supernova
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Black Holes

The mass of a neutron star cannot exceed
about 3 solar masses. If a core remnant Is
more massive than that, nothing will stop its
collapse, and it will become smaller and
smaller and denser and denser.

Eventually, the gravitational force is so
Intense that even light cannot escape. The
remnant has become a black hole.
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Black Holes

The radius at which the escape speed from
the black hole equals the speed of light is
called the Schwarzschild radius.

The Earth’s Schwarzschild radius is about a
centimeter; the Sun’s is about 3 km.

Once the black hole has collapsed, the
Schwarzschild radius takes on another
meaning—it is the event horizon. Nothing
within the event horizon can escape the black
hole.
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The Central Engine of an Active Galaxy

Jet of high-speed

This is the leading theory
for the energy source in
an active galactic
nucleus: a black hole,
surrounded by an
accretion disk. The
strong magnetic field
lines around the black
hole channel particles
Into jets perpendicular to
the magnetic axis.
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The Central Engine of an Active Galaxy

In an active galaxy, the central black hole may
be billions of solar masses.

The accretion disk is whole clouds of
Interstellar gas and dust; they may radiate away
as much as 10-20% of their mass before

disappearing.
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The Central Engine of an Active Galaxy

This pair of images shows evidence for a black
hole at the center of NGC 4261.

(a)

Head Office: Main G. T. Road, Besides Ghalla Mandi, Jallomore, BataPur, Lahore, Pakistan, 54000

Upp|ysn|ng RObOtiCS SMC PVT LTD Office 2: No 30, Block H, Phase 6, Street 8, Defence, Lahore, Pakistan, 54792,
https://www.upplysningavancez.com , Email: info@upplysningavancez.com, Phone 042 37187769




The Central Engine of an Active Galaxy

The central portion of M87 shows rapid motion and jets
characteristic of material surrounding a black hole.

Intensity

(a) WAV AVAVAVAVATAIN|
(c) R I VvV U X G
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The Central Engine of an Active Galaxy

One might expect the
radiation to be mostly X-
rays and gamma rays, but
apparently it is often
“reprocessed” in the
dense clouds around the
black hole and reemitted
at longer wavelengths.
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The Central Engine of an Active Galaxy

Particles will emit synchrotron radiation as they spiral
along the magnetic field lines; this radiation is decidedly

nonstellar.
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Black Holes in Galaxies

The mass of the | T8
central black hole is
well correlated with
the mass of the
galactic bulge, for
those galaxies where

Mass of black hole (M)
_OA
w®
|

bOth have been I _—~ Milky Way o Spirals
m eaS U red . » Ellipticals
¥ 1?\;!(;ss of bulg1eo(1l::1@) .
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Black Holes in Galaxies

The quasars we see are very distant, meaning they
existed a long time ago. Therefore, they may represent
an early stage in galaxy development.

The quasars in this
Image are shown
with their host
galaxies; many
appear to be
Involved in
collisions.

50,000 light-years

R e I Q
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Black Holes in Galaxies
This figure shows how galaxies may have evolved,

from early irregulars through active galaxies to the
normal ellipticals and spirals we see today.

Normal elliptical
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No Hair Theorem = Hawking Radiation
N\ i
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T

Hawking Radiation

Singularity Boundary of Event Horizon

¥ +ve Energy Particle

\ Event Horizon
%= -ve Energy Particle

Hawking Radiation

Hawking Radiation

Both Particles Demolish
Each Other

! -\l
Formation of Virtual Particles . o v +ve Energy Particles
Hawking Radiation are the Hawking Radiation
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* MASS

o Black Holes ain’t so black, They Glow in a sky like coals
S PI N In a sky and they radiate. And so overtime, they loose energy -
And mass and ultimately disappear over a huge time scales. 8nGkgM

° Charge - By Hawking
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General theory of relativity formula

Schwarzschild’s Solution to Einstein’s Equations

Radial Length Contraction

/
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Time dilation due to gra\)ity is weaker than time dilation due to velocity
Earth’s time runs slow from the Perspective of Astronaut
Clocks on international space station run slightly faster compared to clock on earth

Density of matter and ener
Y &Y He provided the first exact solution to the Einstein field

1 8nG 7 equations of general relativity,----Karl Schwarzschild

Rg=—Rg, tRg=—1TT,

seometry of space and time

a

Riemann Curvature Tensor RBV5

”Space-time tells matter how to move.
Matter tell space-time how to curve.”  Ricci Curvature Tensor R,
John Wheeler (American physicist) Ricci Curvature Scalar R
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https://en.wikipedia.org/wiki/Exact_solutions_in_general_relativity
https://en.wikipedia.org/wiki/Einstein_field_equations
https://en.wikipedia.org/wiki/Einstein_field_equations
https://en.wikipedia.org/wiki/General_relativity

Solve Relativity = Quantum Loop Gravity, String Theory

Constraints
Black Holes, Wormholes, Dark matter, Singularity
infinity if 1- Rs/r =1 and time stop

Timce dilation
and mass incrcasc

Solution
No singularity = Quantum Loop gravity
String Theory=>» Define as Surface BH
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contraction

@ 2010 Pearson EZ:iation, Inc. \ S 1 Horizon area
: BH = —
geometry of space and time _ o 4 Planck area
1 871G Special Relativity
R e g+ A g = T In physics, string theory is a theoretical framework in
A B L which the point-like particles of particle physics are
Density of matter and energy replaced by one-dimensional objects called strings.
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More Precisely

Tests of General Relativity

Deflection of starlight by the Sun’s gravity was
measured during the solar eclipse of 1919; the results

agreed with the predictions of general relativity.
Apparent
position
ofstar////

Actual
position
of star

Einstein predicted that light should be bent by gravity. Sir Arthur Eddington lead an expedition to photograph the 1919

Total Eclipse of the Sun. The photographs revealed stars whose light had passed near to the Sun. Their positions

showed that the light had been bent exactly as Einstein had predicted.
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More Precisely, Tests of General Relativity

Another prediction—
the orbit of Mercury 43"/century
should precess due
to general
relativistic effects
near the Sun; again,
the measurement
agreed with the
prediction.
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Skip if needed

Einstein’s Theories of Relativity

Special relat|V|ty

IS the maximum
possible speed, and
It Is always
measured to have
the same value by
all observers:
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Skip if needed

Einstein’s Theories of Relativity

Special relativity (cont.):

2. There is no absolute frame of reference,
and no absolute state of rest.

3. Space and time are not independent but
are unified as spacetime.
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Skip if needed

Einstein’s Theories of Relativity

General relativity:

Elevator
accelerates

Elevator

It Is Impossible to tell
from within a closed
system whether one is
'n a gravitational field
or accelerating.

Gravitational
force
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Skip if needed Einstein’s Theories of Relativity

Matter tends to warp
spacetime, and in doing
so redefines straight lines
(the path a light beam
would take):

A black hole occurs when
the “indentation” caused
by the mass of the hole
necomes infinitely deep.

(b)
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Skip if needed

Special Relativity

In the late 19th century, Michelson and Morley did an
experiment to measure the variation in the speed of
light with respect to the direction of the Earth’s motion
around the Sun.

They found no variation—light always traveled at the
same speed. This later became the foundation of
special relativity.

Taking the speed of light to be constant leads to some
counterintuitive effects—length contraction, time
dilation, the relativity of simultaneity, and the mass
equivalent of energy.
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Skip if needed Space TraVEI Near
Black Holes

The gravitational effects of a black hole are
unnoticeable outside of a few Schwarzschild
radii—black holes do not “suck in” material
any more than an extended mass would.
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Skip if needed Space TraVEI Near
Black Holes

Matter encountering a
black hole will
experience enormous
tidal forces that will
noth heat it enough to
radiate and tear It
apart:
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Skip if needed Space TraVel Near
Black Holes

A probe nearing the event horizon of a black
hole will be seen by observers as experiencing
a dramatic redshift as it gets closer, so that
time appears to be going more and more
slowly as it approaches the event horizon.
This is called a gravitational redshift—it is not
due to motion, but to the large gravitational
fields present.

The probe, however, does not experience any
such shifts; time would appear normal to
anyone inside.
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Skip if needed Space Travel Near
Black Holes

Similarly, a photon L
escaping from the
vicinity of a black hole
will use up a lot of L P
energy doing so; it Black ol ammme Robot probe
cannot slow down, but e ]
'ts wavelength geis bl

longer and longer / H”Q

\' \ Infrared

Head Office: Main G. T. Road, Besides Ghalla Mandi, Jallomore, BataPur, Lahore, Pakistan, 54000

Upp|ysn|ng RObOtiCS SMC PVT LTD Office 2: No 30, Block H, Phase 6, Street 8, Defence, Lahore, Pakistan, 54792,
https://www.upplysningavancez.com , Email: info@upplysningavancez.com, Phone 042 37187769




Skip if needed Space TraVel Near
Black Holes

What’s inside a black hole?

No one knows, of course; present theory
predicts that the mass collapses until its
radius is zero and its density Is infinite, but it
IS unlikely that this actually happens.

Until we learn more about what happens in
such extreme conditions, the interiors of
black holes will remain a mystery.
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skipifneeded Yhservational Evidence for Black Holes

Black holes cannot be observed directly, as
their gravitational fields will cause light to
bend around them.

T Black hole
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Skip if needed

The X-ray source is
coincident with the
visible star..

® background «+++§..

v
Star

(@)
LR g Xy
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skipifneeded  Qbservational Evidence for Black Holes

The existence of black-hole binary partners for
ordinary stars can be inferred by the effect the
noles have on the star’s orbit, or by radiation
from infalling matter.

B-star companion
HDE226868

N\
N Accretion disk

Mass transfer stream
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Kiettreeded Yhservational Evidence for Black Holes

Cygnus X-1is avery strong black-hole
candidate:

* Its visible partner is about 25 solar masses.

* The system’s total mass is about 35 solar
masses, so the X-ray source must be about 10
solar masses.

 Hot gas appears to be flowing from the
visible star to an unseen companion.

» Short time-scale variations indicate that the
source must be very small.
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skpifneeded Qpservational Evidence for Black Holes

There are several other
black-hole candidates as
well, with characteristics
similar to those of
Cygnus X-1.

The centers of many
galaxies contain
supermassive black e
holes—about 1 million 100,000 gt years

solar masses. e
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*apitneeded Qbservational Evidence for Black Holes

Recently, evidence
for intermediate-
mass black holes
has been found:;
these are about
100-1000 solar
masses. Their
origin Iis not well
understood.
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Skip if needed

Gravitational Waves:

A New Window on the Universe

General relativity predicts that orbiting
objects should lose energy by emitting
gravitational radiation. The amount of
energy Is tiny, and these waves are very
difficult to detect.

A neutron-star binary system has been
observed (two neutron stars); the orbits of
the stars are slowing at just the rate
predicted If gravity waves are carrying off
the lost energy.
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skipifneeded(F@Vitational Waves:

A New Window on the Universe

This figure shows part of LIGO, the Laser
Interferometric Gravity-wave Observatory, designed to

detect gravitational waves. It has been operating since
2003.

Laser tube
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r
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s if needes @ravitational Waves:
A New Window on the Universe

Inspiral Merger Ring-
down

In September 2015, Q Q ve

LIGO first observed

gravitational waves o - ! | -
from a merger of two
black holes. 9
;E:-w-?‘
% I T T T
2 1021 | i

1 1 1 1
0.30 0.35 0.40 0.45

Time (seconds)
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Black hole M87 imaging by Interferometry
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Black hole M87 images with Jet

0.000100"

Head Office: Main G. T. Road, Besides Ghalla Mandi, Jallomore, BataPur, Lahore, Pakistan, 54000

Upp|ysn|ng RObOtiCS SMC PVT LTD Office 2: No 30, Block H, Phase 6, Street 8, Defence, Lahore, Pakistan, 54792,
https://www.upplysningavancez.com , Email: info@upplysningavancez.com, Phone 042 37187769




Band 3 GMVA, 4 GBPS 1 SPW 128 MHz Dual pol,

band 6 ETH 32 GBPS 2(4) GBPS 2 GHz
GMVA - Global Millimeter VLBI Array (3mm)

Why?

SGRA* 4.02*106 Mo 40uas
M87* 3.5-6.2*10° Mo 21-38uas

~20pas A ~ mm/radio

EHTC - Event Horizon Telescope Consortium (1.3mm)

©Bill Saxton, NRAO/AUI/NSF
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GMVA - Global Millimeter VLBI Array (3mm)

i a
10)
n(GA

Figure 18. Aggregate baseline coverage for EHT observations of 3C 279 in
2017 April. The coverage of M87 is shown in hight gray for companson
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@: coiimrecre  The M87 Jet During the 2017 EHT Campaign Breakin g the model de generacy

Swift 439 nm Chandra X-rays

eione E Kerr BH Schwarzschild BH Kerr BH
e’ retrograde no spin prograde

EVN 170 mm

: 1@—"‘--‘-"/

Swift 251 nm
10 arcsec

810 pc

Silnu]u((;c"' YIS rvations

Swift 188 nm
10 arcsec

810 pc

+ EHT 1.3 mm
50 pas
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Clustering/Average imaging Black hole Sgr A *

Imaging approach
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EHT 2022 results EHT 2022 results
Sgr A* April 7, 2017

The need for all the stations/locations

50 pas =~ 106, O

April 6 April 7
7 stations 8 stations
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Interferometric polarization observations

e single mode only XX
e dual mode only XX and YY are

XX Xy v
Rl R; R1 L; L1 R;

V1Y
Ei Lt

Antenna registered — Stokes | only
Polarizer
(XY or RL) 0
Signal Transm.
Complex : .
s e e full polarization mode the four
correlations
Output XXYY YX XY are saved
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Interferometric polarization observations

In an ideal world we would get

|
N |—

(XX +YY)

e total intensity ---> Stokes |

DO | = N e

(XX —-YY)
e circular polarization ---> Stokes V

(XY +YX)

e linear polarization PIZ\/Q2+U2

e EVPA-> electric vector
polarization angle

< S O~
|

|
DO |

(XY — YX)
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Imaging & polarization for M87 & Sgr A*
Astrophysical Journal Letters Open Access
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Abstract

In 2017 Agril, the Event Horizon Telescope (EHT) observed the near-barizon region around the supermassive Alstruct

:"';I"k:':::: s of the ME7 S:L“" These 1.5 men waveleagth ohservations mm;b‘?:::;)?m: Evemt Horizon Telescope (EHT) observations st 230 GHz have now imaged polarized emission around the
H - e 'ﬁm[.'“ar"‘;“‘hh:' e uel m""“ oot M":""" F“d“" ':le.r““ supermassive black hole i MET on event-horizon scales. This polarized sy 1 probes the

of magnetic fields and the ploma properties near the black bole. Here we compare the resolved polarization
structure observed by the EHT. along with simultanecus umresolved observations with the Ascama Large
Millimeter (submillimeter Array. to expectations from theoretical models. The low fractional linear polarization i

near-polarimetri
Jmagesal'lltenenhﬂufMRT We find that only a part Dflhenngnsugmﬁ:mllypnhmﬂl “The rescilved Fractional
lincar palarization ks 2 maimum located in the soulirwest part of the ring. where il rises 10 the level of ~15%.
The polarization position angles are arranged in 2 nearly arimuthal pattem. We

af relevant palarimetric praperties of the compact emission and find evidence for the temparal evolution of the the ved image sas that the: i @ scales smaller than the EHT beam. uf;xi- we
polarized sowrce smacture aver ane week of EHT ohservations. The details of the polarimetric data reduction and atiribute o Faraday rotation internal 1o the emission region. We estimate the average densily a, ~ ur
calibration methodelogy are provided. We carry out the dai malysis wsing multiple independent imaging and magnetsc feld strength B~ 1-30 G, and electron emperature T, ~ (1-12) = 10" K of the radisting plasma in a
madeling techmiques. each of which is validated against 2 suite of synthetic data sets. The gross polarimetric simple one-zone emission model. We show that the net azmmuthal linear polarization pattern may result o
stracture and its appancst cvolution with Eme are msensitive b the method used o meconsinact the image. These organized, poloidal magnetic lelds in the issiom region. In - with a large library of
ic images carry i abaust the stmacture of the magnetic ficlds responsible for the synchratron simulsted polarimetnic images from general relativi (GRMHLD) si we identaly

i subset of physical models u:uuanexplam writical fearmes al’lbe puu.mmglm. EHT observatsons while producing
a relstivistic jet ut‘ sul"lu.lm! power. The oonmazm GR\\IHD models are all of magnetically armested accretion
Low-ismiinosity active disks. where fields are dyn P . We use the models o mfer a mass accretion
rabe onto he black bu.le m MET ol (3-20) = 'ILI Mo oye L

Unified Astronoony Thesanrus concepts: Accretion (14); Black holes (162): Event horizons (479): Jets (8700 Kerr
black hales (8861 Magnetic felds (994); Magnetohydrodynamics (1964): Plasma astrophysics {1261 Polarimetry

emission. Their physical interpretation is discussed in an accompanying publication.

Uinfied Astronamy Thesaurws comcepar: Pelarimetry (1278); Radso interferometry (1346}, Very long baseline
interferometry {1769); Supermassive black holes ([663); Active galactic muclei (1
galactic muclei (2033); Astronomy data modeling (1559); Galaxy accretion disks (362); Galaxies: individual: MS7

L. Introdsction

The Event Harizoes Telescope (EHT) Callsboration has recently
reported the first images of the event-horizon-scale snschare
arund the supermussive hlack hole in the core of the massive
elliptical galaxy MR7, anc of i two main Grges. '™ The EHT
images of MET's core at 230 GHz (1.3 mm

structure of magretic fikd lines near the event horizan of MET's
centrml supermarsive black bale, and they put tight constraints on
the theceetical interpretations af the nahse of the ring and af
refativistic jet-lmmnching theories. The theoretical implications af
these images and the comsmints that they place an the magnctic
field structun: and accrction stase af the black hole are discussed in

a nngBke siucture whose diameter of 42 yus, brighiness

shape. and
emissian from relativisiic electmes. gyrating around magnetic
Mdﬁulnchevl:lﬂybd!mlhum We have
described  the  defails the EHT's data

work (Event Harima Telscope Collshortion

qalm_l hereafier Paper V). Readers interried in the details

of the data reduction. methodobagy, and validation can find a

detailed index af this Letier in Section 1.2 Readers primarily

interested in the results may skip direclly to Section 5 and 10
and

calibeation pipelines. dxa amabyses and imaging procedures,
and the theoretical interpretation of these first images in a series
of publcations (Event Horizon Telescope Collaboration et al
HH%a, W96, 2009, 2009d, 201 %. X9, hereafber Papers 1, IL
ML 1V, V. V1. respectively).

In this Letier, we present the first polarimetric analysis of the
2017 EHT chservations of MET and the first images of the Enearly
polarized rdiation surmunding the MBT black bale shadow. These
polarimetric images provide essential new information sbaut the
” " NASA Huisbic Fellowska Progran, Einicn Fellow
13 [IKRI Stcphen Hawking Fellow.

15 The stber prismary larget being the black ok in Sgr A" in fhe conter of the
Bhilky Way.

o

Chriginsl cusmsem freen i work mrery bz sl scler the e
o the Cazaive Comrras Alisibetics 3 10 licenee. sy furiber
‘o i wort et mesinlain iyt 1o the sstherts) and e litle
uf the work, prermal ciativn ad DO

https://www.eventhorizontelescope.org/science

in Section 6.

1.1. Previows Polarimetnic (bservations of the MS7 Jet

The giant clliptical galaxy Messier 87 (MET, NGC 4486) i the
memiber of the Virgo cluster of galaxics and hosts a baw-
lemincsity radio source (Virgo A, 3C 274, BI228+126) M&T is
ncastry and hright, and at its cermer i one of the best-shadicd active
galactic mucli (AGNs). MET was the fird galoy in which an
cxtragalaciic jet (first describied o a “narmow Fy”) exiending fram
the nuckeus was discoversd (Cuntis 1918). This kloparsec-scale jet
i visibike, with remarkalily similar mompholagy, at all
from radio to X-rmy. The optical radation from ihe jet on kpe
scales was found ta be lincarly pokiized by Baade (1956}, which
wis comfirmed by Hiliner (195%), suggesting that the cmission
mechanism is synchmton mdiation.

The central engine tha powers the jet contains anc of the mast
masive black holes known, measuned from the contral sicllar
velocity dispersian (Gebbardt ot al. 2011, M=(66 £ 04) =
10°M.) and dirccily from the size of the olwened cmitting

(1278): Radiative tramsfer (1335); Radso jets (1347 Relativaistic jets {1390)

1. Introduction

The Event Horizon Telescope (EHT) Collshoration has
mecently pub.lubed total inbensity images of event-horzon-scale
black hole in the cone of the
m?pjamt\am tmmTﬂwc ation et al.
201G, 0169k, 019, 019, bereafler EHTC L EHTC IL
EHTC 11, EHTC V] The dats neveal a 42 & 3 uas diameter fng-
like structune that is broadly consssient with the shadow ol a black
hole as predicted by Einsaein's Theory of General Relarivity
(Event Hormon Telescope Collsboration et al. 2%, 20166
herealier EHTC W, lﬂ-lr(_ VI The brighiness rempersiure of the
ring a1 230:GHz (210" K) is narally explained by syachrotron
emission from relativistic electrons gyrating around magnetse Geld
lines. The rng brighiness symmetry results from bght bendimg
and Doppler besnmg due o relativiste rotstion of the marer
amound the black hobe.

MET" is best known for lwnching a kpe-scale FR-1 lype
melarivistic et whise  kinetic power is estimated 0 be
M erg s (g, Seaware et al. 2006; de Gasperin et al
2012} The structume of the relativistic jet has been resolved and

= NASA Hubble Fellowsbip Peogeam, Essics Fellow,

UKRI Stephen Hawking Fellow.

Ovigiral contest Trom dhis work sy be used under the s
of the Creative Commoss Anributios £1 leence. Any funher
distribetion of this work Mmust mentsn seibeton 1o the suthons) and the title
oF the work, joumal citation s DO

https://iopscience.iop.org/journal/2041-8205/page/Focus_on_EHT

studied @ radio 10 X-ray wavelengths (eg. i Maneo et al.
2003; Harris et al. 20009 Kim et al. 2018; Walker et al. 201%).

The published EHT image of MST* logether with mulii-
wavelength observalions are consistent with the pscture that the
supermmssive black hole in ME7 & surrounded by a
rebativistically hol. magnetized plasma (Rees el al. 1982
Marayan & ¥i 19U5. Marmayan et al 1995 Yuan &
Marayan 2014; Reymolds et al. 1996 Yuam et al. 2002 [n
Mates et .nl 203 Hu'wzvzr_ it is ool chear whether the
by plasm that is inflowing
fin a Iuc.k .n.trz:m l'lun] outflowing (ar the jel base or in a
wind), or both. Funthermore, the wotal intensity EHT observa-
mHons also could not consirain the structure of magnetic helds in
the ohserved emission region. In ceder w0 fmd ow which
physical scenario is realized in MET". additional information is

Event Horizon Telescope Collsboration et al. (2021,
hereafter EHTC VI repants new nesults from the polarmetric
EHT 2017 observations of MET". The polarimeinc images of
MET" are reproduced in Figure 1. These images reveal that a
significant fraction of the rng emission is lmearly polarseed, 2
expected for sy The EHT

are 1 with hved Mrvﬂlunx of

the radio core al the same with the
Array (SMA: Kuo et al. 2004) =m1 the Awmcama Large
Mallimeter /submillimeter Array (ALMA; Goddi et al. 2021).
They abo provide a detailed view of he polarized envissson
region on event-horizon scales near the black hole. Polarized
symchrotron rdistion races the enderdying magnetse fheld
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Summary

THz Benefit

Radio Astronomy benefits
ALMA

Einstein theory

Stephen Hawking theory
Roy Kerr

nterferometry techniques

maging Polarization
Black Holes
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