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The Galactic Center 
85 MHz, Mills+1956 (from Witzel+1967)

The Galactic Center
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The Galactic Center
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MeerKAT 900-1670 MHz, 2x1 Grad, 1000x500 Lichtjahre
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The Galactic Center in the NIR: Becklin & Neugebauer 1967 
200 Zoll Teleskop Palomar Observatorium
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The innermost  0.6 pc
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VLT, HKL-
Composite

NOAO/AUI/NSF/Jun-Hui Zhao/W.M. Goss

8 arcsec/ 1 light year

VLA 1.3 cmNIR
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The deepest Image of the GC 
through GRAVITY
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GRAVITY Collaboration et al. 2022



Stellar Orbits

UCLA Andrea Ghez, Mark Morris, Eric Becklin, 
Tuan Do, Aurelien Hees, Shoko Sakai, 

Jessica Lu, Devin Chu…
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Galactic center in the NIR: 
Dynamics of the S- star cluster

NIRC2 @ Keck2
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Galactic center in the NIR: 
Dynamics of the S- star cluster

NIRC2 @ Keck2

https://www.youtube.com/watch?v=1rKF9hFcn_k
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Reference frame
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Sakai et al. 2019 
Reid 2018 privat communication 
(Reid at al. 2007)
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Reference frame
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Sakai et al. 2019

Sakai et al. 2019
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Galactic center in the NIR: 
Dynamics of the S- star cluster

NIRC2 @ Keck2

Do et al. 2019
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Galactic center in the NIR: 
Dynamics of the S- star cluster

NIRC2 @ Keck2

Do et al. 2019
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BH parameters
KECK: 

 

 pc

M = (3.975 ± 0.058 ± 0.025) × 106M⊙

R0 = (7959 ± 59 ± 32)

GRAVITY: 

 

 pc

M = (4.297 ± 0.012 ± 0.040) × 106M⊙

R0 = (8277 ± 9 ± 33)

Reid et al. 2009, 2014, 2019:


 kpcR0 = (8.15 ± 0.15)

See also GRAVITY Collab. et 
al. 2018, 2019, 2020a, 2021b, 

2022 
-> Odele Straub’s talk
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GC Scales
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GC distance ~ 8 kpc 
1mas ~ 8 AU ~ 1 light hour 

R_s ~ 10 as ~ 0.08 AU 
Periapsis distance G2 ~ 200 AU 
Periapsis distance G1 ~ 300 AU 

Periapsis distance S0-2 ~120 AU ~ 17 light hours

μ



Tidally interacting sources G1 
and G2

UCLA Andrea Ghez, Mark Morris, Breann 
Sitarski, Eric Becklin, Tuan Do
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• March - 
August 

• NIRC2 

• interleaving 
K’- and L’- 
observations

Keck observing campaign 2014 around periapse passage

partly based on ToO 

many thanks to 

Alan Stockton
Gabriela  Canalizo



Gunther Witzel Fero10, 2022, Toulouse

G2 is compact!
despite of a factor of 10 change in distance from the black hole
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Upper size limit: 
260 AU mL =13.8  +/- 0.2
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G2 is likely a star!
optically thick black body: L’-flux corresponds to a radius of 2 AU and 29 
solar luminosities 
temperature: ~560K (M,L’,K’)
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G2 during periapse in Br-
gamma
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Pfuhl et al. 2014

Valencia-S. et al. 2014
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G2 is not alone!
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Witzel et. al 2017

G1 becomes compact

G1

PSF

G1: Second example of a source tidally interacting with a 
SMBH
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Witzel et. al 2017

Size Photometry

G1: Second example of a source tidally interacting with a 
SMBH
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Last chapter so far: Gillessen et al. 2019

Court & Madigan 2016, Madigan et al. 2017
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Sagittarius A*
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NIR-flare 2007

Movie: Rainer Schödel
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Not your standard SMBH
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• Observations towards the GC are difficult (25 mag of extinction in the optical) 
• Sgr A* has not obvious jet 
• Sgr A* is under-luminous with orders of magnitudes below Eddington luminosity: 
• at the Bondi radius (  = 0.04 pc)  

• at 10% efficiency  would yield  times the observed bol. luminosity 

• Polarisation measurements: at   we find 

105RS
·MBondi ∼ 3 × 10−6M⊙yr−1

·MBondi 104

RS
·Mhorizon ∼ 10−9 to 10−7M⊙yr−1
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A 104 K disk detected in H30  α
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Murchikova et al. 2019ALMA 231.9 GHz

n = 106 cm−1

Within 2 ⋅ 104RS
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The Galactic Center

30

Murchikova et al. 2019
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X-ray discovery paper

\

Baganoff et al. 2001, Nature 

Main statement: X-ray flare associated with the SMBH, probably generated by SSC
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NIR discovery papers

32

Genzel et al. 2003, Nature 

VLT/NACO H-band

VLT/NACO K-band
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NIR discovery papers
Ghez et al. 2004
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Main statements

34

• Detection of flares of a factor 5 
• Detection of quiescent level 
• Flares last 30-100 minutes 
• rise/decay times of 2-10 minutes 
• Quasi periodicity around 20 minutes, but perhaps red noise 
• Sgr A* much redder than the surrounding stars 
• Potentially tendency to become bluer when brighter 
• SED and radiative mechanisms proposed:  

• low flux densities fit SED extrapolated from submm 
• Flares must be different process like synchrotron from magnetic 

reconnection in turbulent plasma

Genzel et al. 2003, Nature 
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Why study Sgr A* variability?

Sgr A* RS = 0.08 AU 
10 light min = 1.2 AU or 15 RS

Dodds-Eden+09: Factor 2 in ∆t < 47 seconds corresponding to ~1.2 RS


Do+19: Factor 9 in ∆t < 2 min corresponding to ~3 RS
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Publications since 2001 on observing 
or modeling IR, X-ray, and submm 
data: > 60 papers

Categories: 

• Statistical analyses of flux densities and timing properties 
• Multi-wavelength observations and SED modeling 
• NIR spectral index measurements 
• NIR polarization and relativistic modeling 
• GRAVITY
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Greg Martinez 
Mark Morris 
Eric Becklin 
Andrea Ghez 
Tuan Do

Steven Willner 
Giovanni Fazio 
Joe Hora 

Charles Gammie

Fred Baganoff, Daryl Haggard, Hope Boyce, Howard Smith, 
Joey Neilsen, Sera Markov,  
Dan Marrone, Gabriele Ponti, Ramesh Narayan, Zhiyuan Li

Spitzer/IRAC and Chandra Observations of Sgr A* 

Gunther Witzel
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Power-law model for NIR flux 
density distribution

39
Witzel et al. 2012

flux-rms relation
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IRAC/Spitzer 4.5 um monitoring of Sgr A*

Hora, Witzel et al. 2014

5’’
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Eight 24 hour light curves with Spitzer

Witzel+18
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July 2016 Spitzer + Keck

Flux density 
ratio 

M/K = 12.4

Witzel+18

NIR spectral 
index 
! = -1.7
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Hornstein et al. 2007

43

NIR spectral index
Eisenhauer et al. 2005, Ghez et al. 2005, Gillessen et al. 2006, Krabbe et al. 
2006, Hornstein et al. 2007, Bremer et al 2011

Ghez et al. 2005

Genzel et al. 2010
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X-rays 
Chandra 
ACIS-I

K-band 
NACO + NIRC2

X-rays 
XMM Newton 
2-10 keV

L-band 
NACO

The correlation between X-ray and the NIR (K-band and L-band)

Dodds-Eden+09 

G. Fazio + 18

Fazio et al. 2018
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PSD comparison NIR to X-ray 

45

Witzel et al. 2018
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Nature of correlation 
between X-rays and NIR

46

Random 
numbers

Gaussian- distributed 
linear light curves 
“Fast trigger process”

NIR light curves

PSD NIR
Non-linear 
transformation 
NIR

Low-pass filtered 
Gaussian- distributed 
linear light curves 
“Slow trigger 
process”

X-ray light 
curves

PSD X-ray
Non-linear 
transformation 
X-ray
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These light curves can fit all observed 
properties (simulations, generic example) 

47

X-rays

NIR

Witzel et al. 2018



Witzel et al. 2021 

Submm - NIR (Spitzer) correlation



Submm - NIR correlation

Witzel et al. 2021 



Stochastic/Physical model



SED of compact component of Sgr A*

Observed SED

Model

SSC

Sych.

NIRSubmm
Witzel et al. 2018



Fitting structure functions

NIR

X-rays

Submm

Witzel et al. 2018



Witzel et 
al. 2018



Gunther Witzel Group Seminar 2021

NIR Brightness record 2019

54

Do et al. 2019

Keck/Nirc2





Murchikova & Witzel 2021



Other ALMA data in 2019
• Submm/mm variability: is there long-term 

variability at work that we have not yet 
characterized?

2019

Boyce et al. 2022 
(accepted)





Real time SED measurement with Spitzer, Gravity, Chandra, and NuStar



Sync-Sync Sync-SSC

Two family of models

High electron energies High electron densities



Spitzer + ALMA

Boyce et al. 2022 (accepted)
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Adiabatic expansion works

62

Boyce et al. 2022 (accepted)



Outlook
NIR-MIR SED: does the synchrotron spectrum cut 
off in the NIR? Is SSC contributing at times?

Credit: Northrop Grumman
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GRAVITY EHT

? ?

Outlook
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Thank you!

65
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