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Stellar Orbits Around Sgr A*
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Strong Evidence for a Black Hole

GRAVITY Collaboration 2018



The Largest Black Holes on the Sky







Walker et al 2018







Light Bent by the Black Hole

Bardeen 1973

Luminet 1979



Falcke, Melia, Agol 2000

The Black Hole Shadow



Shiokawa et al



Fundamental Physics with Sgr A*
Constraints on Black Hole Spin from images

Broderick et al 2011

Constraints on Geometry/Mass from Orbiting 

Hot Spots

Doeleman et al 2009

es. The model is shown at three equally-spaced orbital

Violations of the No-Hair Theorem

Introduction of Quadrupole Moment

Psaltis and Broderick 



Kramer et al 



Event Horizon Telescope

• Global collaboration to 
observe BHs with 
resolution comparable 
to the event horizon

– >200 members

– Dozens of institutions

• Ad hoc array operated 
~10 days per year

• Technology 
development
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Global Team at the EHT2016 Conference
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Members of the EHT team at Telescopes



Practical Challenges of BH Shadow 

Imaging

• Shadow is very small

– !g = GM/Dc2 ~ 5 μas

– !shadow ~ 10 GM/Dc2 ~ 50 μas

• Need a global mm VLBI array

– !array = ƛ/D = 1.3mm/11000 km ~ 20 μas

• But no such network exists!

– Need to use an ad hoc network



Event Horizon Telescope in 2018 
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Practical Challenges of BH Shadow 

Imaging

• Atmosphere at mm wavelengths is difficult

Goldsmith et al Matthews et al 2018



Practical Challenges of BH Shadow 

Imaging

• Sources are faint and resolved on long 
baselines

– S~1 Jy

• Millimeter telescopes are not very sensitive

– SEFD~104 Jy

– dS = SEFD/sqrt(2*BW* !) ~ 50 mJy

• BW=2 GHz, !=10 s

• à New Telescopes

• à Increase BW



LMT



ALMA



ALMA Phasing

Matthews et al 2018



Whitney et al 2012

EHT – 4x Mk6

64 Gbps



High Frequency Requires High 

Precision

ALMA Maser Performance

Matthews et al 2018



Scattering Blurs Imaging

Haggard & Bower, Sky & Tel, 2016





The Intrinsic Size of Sgr A*

Johnson et al 2018

105Rs

~5 Rs



MM VLBI Imaging of Sgr A*
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EHT Polarization of Sgr A*

Johnson et al 2015



EHT Polarization of Sgr A*

Johnson et al 2015



Event Horizon Telescope in 2017 

• Atacama Large Millimeter Array (ALMA), Chile

• ALMA Pathfinder Experiment (APEX), Chile

• James Clerk Maxwell Telescope (JCMT), Hawaii

• Large Millimeter Telescope (LMT), Mexico

• IRAM 30-meter Telescope, Spain

• South Pole Telescope (SPT), South Pole

• Submillimeter Array (SMA), Hawaii

• Submillimeter Telescope (SMT), Arizona
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Multi-Wavelength Coverage: Sgr A* in April 2017
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Multi-Wavelength Coverage: M87 in April 2017
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u-v Coverage with EHT 2017: Sgr A*

Calibration & Error Analysis WG



u-v Coverage with EHT 2017: M87

Calibration & Error Analysis WG



EHT2017: A Large Number of Highly Significant Detections
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EHT2017: Quantifying and Understanding Measurement Uncertainties 

Closure phases along trivial triangles are consistent with zero, within thermal uncertainties
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Follow updates online:

https://eventhorizontelescope.org  

https://twitter.com/ehtelescope

https://www.facebook.com/ehtelescope

The Event 

Horizon 

Telescope
• The highest resolution images of black 

holes

• Inclusion of ALMA and LMT is a leap in 

sensitivity and imaging quality

• 2017 data are excellent

• Extreme care is being taken in analysis 

and imaging

• Big things to come in 2019 and 

beyond!



A Pulsar in Orbit Around a BH

Kramer et al 



Using Pulsars to Measure Spacetime

Around Sgr A*

χ = 0.9997 ± 0.0010

Liu et al 2012

Shapiro delay

Einstein delay

Precession of periastron

Black Hole Mass Black Hole Spin

acceleration

100 µas timing



Galactic Center Magnetar Discovery

X-ray Localization:  ~2” to Sgr A*

Degenaar et al. 2013

Kennea et al. 2013

Rea et al. 2013

SGR J1745-29

X-Ray Burst

2” ~ 0.1 pc 



Radio Detection

• P = 3.76354676(2) s 

• P/Pdot àB ~ 1014 G

• Tspindown~ 9000 yrs

• DM = 1778  +/- 3 cm-3

pc

• RM = -7 x 104 rad m-2

• Flux ~0.2 - 1 mJy

• spectrum ~flat

• Only 4 radio magnetars
known – chance 
alignment is 10-8

Eatough et al. 2013

Shannon and Johnston 2013



Known GC Pulsars

PSR P

(ms)

B

(1012

G)

DM 

(pc

cm-3)

tsc

(2 GHz; ms)

1746-2850I 1077 38 962 100

1746-2850II 1478 3 1456 145

1745-2910 982 --- 1088 ---

1746−2856 945 4 1168 ---

1745−2912 187 --- 1130 144

Johnston et al. 2006

Deneva et al. 2009



HST & Spitzer: Wang, Stolovy et al 2015

Arches

Stolte et al 2015

• 103 pulsars with P < 100 y

Pfahl & Loeb 2004

• WR+OB Stars

• T~2.5 – 5.8 Myr

• M~104 Msun

Paumard et al 2006, Lu et al 2013



Angular Broadening of the Pulsar

Bower et al. 2014
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Temporal Scattering
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Scattering Inhibits Imaging

Haggard & Bower, Sky & Tel, 2016



Bower et al. 2014

Alternate Solution:

Uniform 

Distribution of 

scatterers between 

GC & Sun

A New Distance for the GC Scattering Screen



Astrometry of SGR J1745-29
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The GC Pulsar Likely Originates in the 

Clockwise Stellar Disk

• Vproj=240 +/- 3 km s-1

• Rproj=0.097 pc

• P>700 y

• Acceleration measures |z| and 
would conclusively demonstrate 
that the PSR is bound to Sgr A*
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Exciting Times in the Galactic Center
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Stars (Yelda et al. 2014)
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Fundamental Physics

Compact Objects

More…


