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“Every day is an interesting day.” — Rai Weiss
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Roger Penrose, Reinhard Genzel, Andrea Ghez s0-5 @D

“ hope | can inspire other young women into the field. It’s a field that has
so many pleasures, and if you are passionate about the science, there’s so Keck/UCLA Galactic
much that can be done.” - Andrea Ghez Center Group
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Zoom Chat Blast #1: Which of the following do you
consider definitive evidence for black holes?

a)
b)
c)
d)
e)
f)
g)

Radio detections of quasars and AGN

X-ray detections of black hole accretion flows
S-star orbits around Sgr A*

LIGO-Virgo detection of GW from BH mergers
EHT image of M87's BH shadow

All of the above

None of the above



SMBH Variability Timescales
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Sgr A*: Highly Variable Spectral
Energy Distribution

[Genzel, et al. 2003; Yuan et al. 2004]
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Sgr A*: Bondi to the Event Horizon

Mdot ~ nv R2~ R3/2a for n ~ R?, v ~ R'1/2
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Sgr A*: Accretion & Outflow
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[DH & Bower, Sky & Tel, 2016]
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. SgrA* -FIares and’ Outbursts
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F1: Sep 2013 Quiescence
F2: Oct 2014 Quiescence




Sgr A* Bright Chandra Flares
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Counts/s/keV

Residuals
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F1 Chandra X-rav Spectrum

magnetar
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Bright X-ray Flare Spectroscopy
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Bright X-ray FIare Spectroscopy
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Simultaneous Chandra/VLA Obs

Simultaneous
Chandra + VLA data

Radio flux
increase of 25%
(3.6 cm; 8-10 GHz)
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[Capellupo, DH, et al., 2017]
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Simultaneous Chandra/VLA Obs
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[Capellupo, DH, et al., 2017]
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Tentative lag between short wavelength (X-ray/NIR) peaks &
long wavelength peaks (submm/radio)

Shorter wavelength leads longer wavelength, consistent
with expanding “blob” or a jet

Stronger X-ray flares may lead to longer time lags

Short (~7 hour) radio light curves make it difficult to model
Sgr A*’s radio variability

No statistical evidence for correlation between X-ray flares
and radio variability (bright flare findings are suggestive)
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o e | TN mowis - Simultaneous Chandra-Spitzer
202 % % o .‘.‘. ey 3 .. * XA .. el o‘o.°“ J) : . o Tt [
& f G/ S SR N L L B Observations (2019)

o Cw
) 2ol GRAVITY ] * Spitzer IRAC observed Sgr A* at

4.5 um for eight ~24-hour-long
stretches between 2013 and 2017
(Hora et al. 2017; Witzel et al. 2018)

ALMA

3 VL Nt ot * Six obs had simultaneous monitoring
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 from the Chandra (Boyce et aI- 2019)
s ey * In 2019 three additional epochs of

simultaneous monitoring totalling
~48-hours were observed

* Total dataset contains ~155 hours of

00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 Simultaneous X—ray and IR data’ With

%410/ Chandra 2019 July 26 . .
Soos additional coordinated coverage from
i NuSTAR, GRAVITY, and ALMA (Boyce et
= 7 P 5o TS % .

=1 al. submitted)
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Multi-wavelength Cross

Correlations (ZDCF)

* Time lags between multi-A observations and

Spitzer 4.5um July 2019 light curves

* 68% (shaded boxes) & 99.7% (thin error bars)

conf. intervals shown

*  Sub-mm lag on July 18 is an upper limit

ALMA - July 17/18, 2019
sub-mm f :
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Table 2. Time delays with respect to 4.5 um (Spitzer) for X-ray
(NuSTAR, Chandra), ~2 pm (GRAVITY), and 340 GHz (ALMA)
variability.

Instrument time lag (min)  68% interval  99.7% interval

July 18 2019:

NuSTAR +2112 (—13,416) (—47, 48)
Chandra -313 (—6,40) (=12, +7)
GRAVITY +0*3 (=3,4+1) (=9, +9
ALMA +34+2 (+26,4-36) (+1, +48)

July 21 2019:

Multi-wavelength Cross
Correlations (ZDCF)

* Time lags between multi-A observations and
Spitzer 4.5um July 2019 light curves

* 68% (shaded boxes) & 99.7% (thin error bars)
conf. intervals shown

*  Sub-mm lag on July 18 is an upper limit

ALMA orti2 (—33,+39) (—48, +46)
July 26 2019:
ALMA +20114 (+6,435) (-39, +44)

Note: Positive values mean flares lag Spitzer flares. Uncertainties
on the time lag in the first column span the 68% confidence interval
on the 10,000 MC runs. The second column displays the boundaries
of this 68% confidence interval, while the third column contains the
99.7% confidence interval.

[Boyce, DH, et al, sub.]
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Want to Explain both Timing and SED

| ]
X-ray NuSTAR - July 17/18 2019 i

Chandra - July 17/18, 2019 I M
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Understanding Sgr A*’s Spectral Energy Distribution
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Understanding Sgr A*’s Spectral Energy Distribution
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Understanding Sgr A*’s Spectral Energy Distribution
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Understanding Sgr A*’s Spectral Energy Distribution
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Understanding Sgr A*’s Spectral Energy Distribution
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Understanding Sgr A*’s Spectral Energy Distribution
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Understanding Sgr A*’s Spectral Energy Distribution
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Slide credit: Hope Boyce

Flaring Model: Synchrotron Only
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Flaring Model: Synchrotron Only

NIR
slope
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Flaring Model: Synchrotron Self-Compton (SSC)
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Flaring Model: Synchrotron Self-Compton (SSC)

NIR
slope
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Flaring Model: SSC + higher electron density
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Flaring Model: Synchrotron source evolving
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Flaring Model: Synchrotron source evolving
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Flaring Model: Synchrotron source evolving

VRN

vl [ergis]

cv [SUbmm| | NIR | | K-roy

e BXPangio,,
tNe
o

Slide credit: Hope Boyce



Flaring
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Model: Synchrotron source evolving
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Flaring Model: Synchrotron source evolving
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Flaring Model: Synchrotron source evolving
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SED Modelling

SEDs at NIR/X-ray peak:
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A. NIR and X-ray described by a SYNC source that
contributes negligibly to the submm

Optically thick cut-off of non-thermal SYNC contributes
to submm; varying optically thin cut-off of same SYNC
component contributes to NIR, and X-ray variability is
produced through SSC

Submm flux explained through optically thick SYNC, NIR
and X-ray flux dominated by SSC
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vLv (erg s71)
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Time Evolution of Model (C):
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Model (C) SYNC-SSC-SSC under adiabatic expansion:

Orange pts: measured at peak of the NIR and X-ray flare

Purple pts: measured at presumed “peak” of 340 GHz
flux ~35 min later

Light grey: historic quiescent SED in radio/submm w/
thermal synch. component fit to these data (dashed line)

Solid lines: best-fit models with the thermal component

[daad ul ‘|e 12 Jejijjeq ‘gns ‘|e 39 ‘HQ ‘@dAog]



SED¢

SED Modelling

Flux & timing of 2019 July 17-18 flare w/ 3 scenarios: (A) both NIR and X-ray due to
SYNC, (B) NIR/X-ray from SSC, (C) NIR from SYNC/X-ray from SSC

Sub-mm anomalously high (~5.5 Jy) — radiative processes may be non-typical
compared to conditions for historic variability

Peak of 340 GHz sub-mm flare not captured—only measure upper limit on time-lag
between sub-mm & NIR

Model (C) delayed sub-mm flux w/ SYNC source cooled via adiabatic expansion to see if
it can self-consistently describe submm increase & NIR/X-ray flux at peak

Adiabatic expansion producing SSC NIR and X-ray emission works if very high Tom
submm/THz peak occurs at the time of the NIR/X-ray peak and e- density reaches

log(ne)~10

Also consider a SYNC source fitted to the NIR/X-ray but it could not evolve (cool) and flare
explain the submm flux increase, BUT does not require extraordinarily large electron Hz
densities (GRAVITY/Abuter et al. 2021)

Need simultaneous, multi-wavelength observations of more Sgr A* flares to
differentiate between these radiation mechanisms!!

[daad ul ‘|e 12 Jejijjeq ‘gns ‘|e 39 ‘HQ ‘@dAog]



And Now to the
Event Horizon

L



Zoom Chat Blast #2: Which of the following do you
think offers a legitimate test of general relativity?

a)
b)
c)
d)
e)
f)
g)

Precession of Mercury's orbit around the Sun
Gravitational lensing

S-star orbits around Sgr A*

LIGO-Virgo detection of GW from BH mergers
EHT image of M87's BH shadow

All of the above

None of the above



Approaching the Event Horizon

e Known Mass & Distance: BH shadow ~ 50 microarcseconds

Slide credit:
* High S/N on timescales ~ rg/c (20 sec) J. Dexter

Event Horizon Telescope VLTI GRAVITY

A~1mm, B~ 10000 km A~ 2 micron, B~ 100 m
0 ~ 20 pas 0 ~ 4 mas
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Relative declination (uas)
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[Ball, et al. 2016; Boyce et al. 2018; M. Johnson for EHT MWL WG (Markoff & Hada) 2018]
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Sgr A*Variability & Multi-A Summary

® Sgr A* bright X-ray and multi-wavelength flares
— Similar X-ray HR & spectra: 2, Ly ~ 103 erg/s, Eyx > 10°° erg
— ”Long” timescales probe scales of ~10 R,
— Marginal evidence for “short” timescale variability (no QPOs)

— X-ray flares lead IR peaks, and possibly radio AR e

— Flare mechanism/microphysics still debated MAGIC (TeV)
* Chandra+EHT & MWL, Chandra+Spitzer, :E;SA‘:*(‘)’(’ |
u -ray
Chandra+GRAVITY & MWL 2021++ Chandra (X-ray)
* Probe accretion, outflow, plasma physics 3t:”:;()X—ray)

* Variability tied to particle acceleration GMVA+ALMA (86GHz)

and may be traced to structural changes
near the BH event horizon

I

B EAVN (43GHz)
B EAVN (22GHz)
B XMM (X-ray)



The Spectacular M87

EHTC, 2021, ApJL, 910, L12 & ApJL 910, L13



The Spectacular M87

Knot A
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Cen A’s Extraordinary Jet

Janssen & EHTC, 2021, Nature Astronomy, 5, 1017



Your feedback here!
https://bitdy/BlackHoleDiscovery
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