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VLBI Imaging: Where We Stand

O Resolution: ~10-30 pas (RadioAstron @ 22GHz, EHT @ 230 GHz).
O Dynamic range: ~ 10,000/v[GHz], limited by uv-coverage (low v) and phase noise (high v)
Q Positional accuracy: ~0.1 mas (absolute) ~0.05 mas (relative).

O Addressing a number of fundamental problems, including the BH event horizon, galactic

structure and kinematics, r;gference frames, cosmology.
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The Need for Improved Imaging

O EHT Science:
-- Dynamic range of > 1000 is needed for distingiushing between different models of
central source (hence a factor of ~¥50 improvement from the present day performance.

O Ways to achieve it: Observation Model

® Broader bandwidth

- Oyms & BW™1/2 but uv-coverage is rhe same
e Phase stability

-- from broader BW (better SNR)

-- with large antennas (NOEMA, LMT, ALMA)

-- Frequency-phase transfer (22/43/86/230 GHz)
® Better uv-coverage

-- Snapshot capability

-- MFS capability

-- Maximum improvement with minimum number of additional antennas




Effect of the Phase Noise

O Dynamic range:

Nscan Nbas SNRamp SNRph
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O Brute force solution:  Increase Ng.qnNpas-

May work for SKA, but difficult to realize for mm-VLBI.
O In VLBI, careful optimisation for both SNR,,, and SNRpy, is required.

At frequencies above 43 GHz, optimisation for SNRpf1 becomes crucial. For instance,
oph = 100° in ,live” plain EHT data at 230 GHz (without phased ALMA), essentially
implying SNRy, = 0...



Effects of Noise on Imaging

Reducing amplitude noise increases effective resolution:

FWHMpeam
SNRamp

res X

Reducing phase noise improves positional accuracy:

A o FWHMpeam
pos SNRphase

Frequency Phase Transfer (FPT) and Source Frequency Phase Referencing (SFPR) with
KVN (see Dodson+ 2018, NewAR, 79, 85):
-- Reaching A5 = 30 pas on baselines of ~500 km, with an effective SNRp,,~ 40

at 86 GHz.

This is a wonderful benchmark for designing new mm-VLBI instruments.



Frequency Phase Transfer

O Frequency phase transfer (FPT) at KVN enables achieving remarkable phase stability.
L The phase noise is reduced down to ~10° at 86 GHz and ~ 15° at 130 GHz
O A three-frequency (22/43/86 GHz) design can already be implemented on several GMVA antennas.

O Testing and establishing this capability at 230 GHz (with 43/86/230/345 GHz receiver) is an area of
critical impact for the EHT.
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Source Frequency Phase Referencing
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Frequency Phase Transfer

Q If demonstrated to work as expected at 230 GHz, application of the FPT method should
lead to factors of 15—50 improvement of the dynamic range

Q Arguably the cheapest way to achive the required improvement of the dynamic range of

the EH imaging.

O Need to build a set of 3 FPT-capable receievers and use them for testing the method.

Major VLBI arrays operating at mm-wavelengths
| 43GHz | 86GHz | 132GHz | 230GHz | 345GHz

""" | 55 [o] SED | om | SEFD | o | SEFD | om | SEFD [ ow

GVLBI 25K 10°
1110K 5° 1862K 10° 3436K 15° 30°

GMVA 86K 30°
GMVA+ALMA 50K 20°*
EHT 675K 100° 780K 100°
EHT+ALMA 185 K 25°*

* -- rms phase on baselines to ALMA
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FPT and SFPR at 86 GHZz

Q Dynamic range, structural
sensitivity and effective resolution
of VLBl images depend on a range
of factors.

O Improvements of amplitude
and phase noise provided by FPT
can potentially lead to 86 GHz FPT
GMVA outperforming the EHT
working in the canonical
observational mode.

O Combined aspects of FPT and
SFPR provide a very attractive
option for astrophysical and
astrometric studies at 22/43/86
GHz .
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Relative declination (uas)

Science Examples: Black Holes

O Imaging of the event horizon: the factor of ~¥50 improvement of dynamic range expected
from FPT at 230 GHz is essential for distinguishing between black holes and their ,mimickers”.

O Core shift measurements at 43+ GHz offer the
best probe of magnetic field near the event horizon
scale: potentially most effective way to rule out

the ,mimickers”.
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Science Examples: Sgr A* Hotspot

QO Kinematic monitoring of a hotspot orbiting Sgr A*.

O To detect the hotspot motion at an N, accuracy, while beating the scattering, need

¥(blue) and y(red) offset (parcsec)
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Science Examples: AGN Astrometry

Yearly parallaxes up to distances of ~ 100 kpc / N,/ 6.

Proper motions up to distances of = 20 kpc (er/s) (%) v Nops/6 .

,CMB parallaxes” up to distances of = 78 Mpc (%) v Nops/6 .

Accurate Hubble constant measurements from yearly and CMB parallaxes

o 0O 0O O

O Most accurate determination of Solar motion in MW and wrt. CMB reference frame.
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Potential Developments

O Implementing SFPR imaging at 43 and 86 GHz should provide substantial improvements
of image fidelity: astrometric accuracy and effective resolution.

O Small scale implementation (KVN, 1-3 antennas in Europe): would provide astrometric
accuracy of ~10 pas.
— accurate absolute kinematic measurements
— opacity and magnetic field measurements
— radio/optical reference frames.

O Large scale implementation (GMVA): would provide the most effective VLBI imaging at
43+ GHz:
— it will turn 3-mm VLBI into a powerful imaging machine, with an effective resolution
similar to that of the EHT and a better structural sensitivity.

O Testing the FPT technique at 230 GHz (tests with 3-4 antennas): if proven to work, it
would provide arguably the strongest boost to the dynamic range and fidelity of EHT

imaging.
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