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Evolution of a Galaxy Merger
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Multi-AGN Systems:
Dual & binary AGN

~100 confirmed systems



Evolution of a Galaxy Merger Multi_ AGN Syst ems:

i : What systematic methods exist
for the detection of multi-AGN?
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5 T T A new method pairs precise
SMBH SMBH =——I . G |0 o astrometric measurements
¢ o » with high-resolution radio
L 2 3 observations.
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Brightness variations
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\ Gaia’s large quasars catalog contains a subset
Resolved components

identified as astrometrically-variable

‘What Gaia observes D / (AfZ )

Oastro = E f

Photocenter (mas)

Astrometric “jitter”

600 Variability + astrometry = varstrometry!
Time (day)

N. Secrest — private communication Hwang et al. 2019
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Brightness variations
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\ Gaia’s large quasars catalog contains a subset
Resolved components

identified as astrometrically-variable

Astrometric excess noise: amount of statistical
dispersion required such that Gaia’s astrometric

What Gaia observes D JaF?) solution for the source leaves no unexplained variance
Oastro = ET

Photocenter (mas)

Astrometric “jitter”
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Brightness variations

d
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\ Gaia’s large quasars catalog contains a subset
Resolved components

identified as astrometrically-variable

Astrometric excess noise: amount of statistical
dispersion required such that Gaia’s astrometric
What Gaia observes N solution for the source leaves no unexplained variance

Oastro = ET
AGN pair is unresolvable with Gaia, but with
individual variability, the photocenter appears to vary

Photocenter (mas)

Astrometric “jitter”

600 Variability + astrometry = varstrometry!
Time (day)

N. Secrest — private communication Hwang et al. 2019
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Drivers of Astrometric Variability

. ) | AGN Pairs
Jet activity - Obscured AGN
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NRAO/AU

Peterson et al. 1999
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Hernandex-Garcia et al. ApJ. 2019. REMUICHE LS

Also, gravitationally-lensed quasars, star+quasar
%7500 48000 48300 49000 49500 50000 5050C superposition, host galaxy features...

Julian Date (2400000+)

us.navaL | Single AGN Variability
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VODKA: Varstrometry for Off-nucleus and Dual Sub-kpc AGN

J0749+2255 J0841+4825
HST WFC3/uVIS

Applied varstrometry to HST and Gemini
observations

F814W

» o’
» ~40% identified as multi-AGN or
3 gravitationally-lensed quasars
1.0" E ‘

Hwang et al. ApJ. 2020.
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VODKA: Varstrometry for Off-nucleus and Dual Sub-kpc AGN

J0749+2255 J0841+4825
HST WFC3/uVIS

Applied varstrometry to HS7 and Gemini

F814W

observations
*» S
~40% 1dentified as multi-AGN or
3 gravitationally-lensed quasars
1.0 E ‘

Hwang et al. ApJ. 2020.

VaDAR: Varstrometry for Dual AGN using Radio interferometry

Varstrometry applied to radio interferometry (VLA, VLBA)

- higher resolutions + sensitivities, no obscuration
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VaDAR: Varstrometry for Dual AGN using Radio interferometry

SDSS J104406.22+295900.9
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VaDAR: Varstrometry for Dual AGN using Radio interferometry

SDSS J104406.22+295900.9

- Very Large Array (VLA) = sub-arcsecond : 032 s [
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VaDAR: Varstrometry for Dual AGN using Radio interferometry

SDSS J104406.22+295900.9
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J121544.36+452912.7 J121544.36+452912.7 J162501.98+430931.6: Southern Component
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J121544.36+452912.7 J121544.36+452912.7 J162501.98+430931.6: Southern Component
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J121544.36+452912.7 J121544.36+452912.7 J162501.98+430931.6: Southern Component
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Radio-Optical Offsets

Rayleigh
- International Celestial Reference Frame: «—  distribution
- Radio = VLBI, several thousand quasars

- Optical 2 Gaia, comparable precision
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normalized offset A/

Makarov et al. 2019
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Radio-Optical Offsets

Rayleigh
- International Celestial Reference Frame: «—  distribution
- Radio = VLBI, several thousand quasars

- Optical 2 Gaia, comparable precision
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- Significant radio-optical offsets
- See histogram—>
- Reduce overall accuracy
- Interchangeability difficult

normalized offset A/

Makarov et al. 2019
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Radio-Optical Offsets

Rayleigh
- International Celestial Reference Frame: «—  distribution
- Radio = VLBI, several thousand quasars

- Optical 2 Gaia, comparable precision
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- Significant radio-optical offsets S =‘ fo 2000 mas!
- See histogram—> 11
- Reduce overall accuracy
- Interchangeability difficult

normalized offset A/

Makarov et al. 2019

- Something to do with jets? (Kovalev+17, Petrov+19)
- Offsets aligned with existing radio jets
- Optical synchrotron component?

- Host galaxy properties, dislodged (Makarov+17)/multi-AGN (Shen+19,21)
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Radio-Optical Offsets -
> 3¢ offset JOE&&““

~40% of VaDAR sample > 3¢ radio-optical offsets | >
~35% of VODKA sample > 3¢ radio-optical offsets B i
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Gaia — VLBA

-2 0
A R.A. x cos(Decl.) (mas)

Chen et al. 2023
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Radio-Optical Offsets -
> 3¢ offset JOE&&““

~40% of VaDAR sample > 3o radio-optical offsets
~35% of VODKA sample > 36 radio-optical offsets

)
o
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A
<

- Culprits?
- Gaia systematics
- Optical (mas-scale) jets
- Intrinsic (regular) “jitter”
- Optical signature that is too faint/small ?
Gaia — VLBA

-2 0
A R.A. x cos(Decl.) (mas)

Chen et al. 2023
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RadiO-Optic al Offs ets [ Makarov et al. (2019) (G>18.5 & 0.5<z<3)

Chen et al. 2023

~40% of VaDAR sample > 3o radio-optical offsets
~35% of VODKA sample > 36 radio-optical offsets

- Culprits?
- Gaia systematics
- Optical (mas-scale) jets
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- Intrinsic (regular) “jitter”

- Optical signature that is too faint/small ?
Gaia-VLBA offsets (mas)

- Varstrometry methods appear to select for a slightly CGIElL AR

higher fraction of quasars with > 3¢ radio-optical offset
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Future Work

Varstrometry:
- Gaia future DRs (axis of variability, time series)
- Gaia+WISE (or Gaia-NIR) for host galaxies
- sort out the gravitational lenses
- further VLBI, move beyond pilot sample

IVS 0016+731
IERS 0016+731
1253 Sessions
STRmax = 0.63 mas

45°

JitterAlong jet axis..|.

180°
Offset P.A. (deg)

U.S.NAVAL
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LABORATORY

Cigan et al. 2024

22



Future Work

IERS 0016+731
1253 Sessions

Varstrometry: e
- Gaia future DRs (axis of variability, time series) Jitter
- Gaia+WISE (or Gaia-NIR) for host galaxies
- sort out the gravitational lenses
- further VLBI, move beyond pilot sample

long jetaxis...

New Missions:
- Gaia-NIR
- Next gen. optical/radio
- Theia is tricky
- (HMBH regime as progentiors
- novel parameter space

180°
Offset P.A. (deg)
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Future Work

IERS 0016+731
1253 Sessions

Varstrometry: e
- Gaia future DRs (axis of variability, time series) Jitter
- Gaia+WISE (or Gaia-NIR) for host galaxies
- sort out the gravitational lenses
- further VLBI, move beyond pilot sample

long jetaxis...

New Missions:
- Gaia-NIR
- Next gen. optical/radio
- Theia is tricky
- (HMBH regime as progentiors
- novel parameter space

180°
Offset P.A. (deg)

Cigan et al. 2024

Observations:
- (sub)mas + faint optical jets
- refinements to ICRF
- opposite direction — work from multi-AGN inwards?
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Future Work

IERS 0016+731
1253 Sessions

Varstrometry: e
- Gaia future DRs (axis of variability, time series) Jitter
- Gaia+WISE (or Gaia-NIR) for host galaxies
- sort out the gravitational lenses
- further VLBI, move beyond pilot sample

long jetaxis...

New Missions:
- Gaia-NIR
- Next gen. optical/radio
- Theia is tricky
- (HMBH regime as progentiors
- novel parameter space
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Observations:
- (sub)mas + faint optical jets

- refinements to ICRF Que SthIlS ?

- opposite direction — work from multi-AGN inwards?
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