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“COMPACT” OBJECTS
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~10  𝑀



“COMPACT” OBJECTS
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Johannsen et al. (2012)

Galactic 
Center!

𝟓𝟎  𝝁as

NGC 1277
UMBH

53  𝜇𝑎𝑠

Galactic
Center
(Sgr A*)

Very Long 
Baseline Array



“PROTO-EHT”
• Earth-sized mm VLBI array
• Existing telescopes.
• Resolutions of ~10  𝜇𝑎𝑠

EGM2015 30.5.2015

http://www.eventhorizontelescope.org/

53#$%& ≈ 3×10 +,#-%.

Galactic
Center
(Sgr A*)



SMA,
JCMT ARO-SMT

CARMA

APEX,
ASTE,
ALMA

Plateau de 
Bure

IRAM 
30m

SPT

LMT

Many stations can 
and will be added!

Haystack

APEX,
ASTE,
ALMA

SPT
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SMA,
JCMT ARO-SMT

CARMA

APEX,
ASTE,
ALMA

SPT

LMT

Haystack

Many stations have 
been added!

EGM2015 30.5.2015

Status Update
• SPT: Fringes!
• ALMA: Phased & Fringes!
• LMT: Fringes!
• APEX & IRAM 30m 

already involved!

EHT on the cusp:
• SNR increase
• Long N-S baselines
• Intermediate baselines
à Imaging!



FILLING IN THE HOLES: SITES & PATIENCE
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RECONSTRUCTING IMAGES OF SGR A* (DISKS)
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Interstellar 
electron 
cattering

BSMEM image 
reconstruction

Deconvolution of 
the scattering

Fish et al. (2014)
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BSMEM

RECONSTRUCTING IMAGES OF M87 (JETS)

Lu et al. (2014)



DATA ZOO
• Visibility magnitudes at specific locations 

in spatial frequency, set by the 
particular pair of telescopes used, |𝑉01|

• “Closure phases” defined by 
telescope triplets, 𝑎𝑟𝑔 𝑉01𝑉14𝑉40

• “Closure amplitudes” defined by 

telescope quadruplets, 
567 589
569 578
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× Stokes I, Q, U, V

× Time

×  230 GHz (1.3 mm) and 345 GHz (0.87 mm)

× Sources!



POSSIBLE WAYS FORWARD FOR
TESTING GRAVITY (AND OTHER STUFF)

1. Find questions that are 
insensitive to astrophysics
Tend to be qualitative or binary and rare.

2. Perform detailed 
astrophysical modeling
How do we control our systematic errors 
without model certainty?
Learn about high-energy astrophysics!
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LIMITS ON HORIZONS

EGM2015 30.5.2015

𝑃<~𝑃=0>

𝐿@AB ≈ 𝜖@AB�̇�𝑐G
𝜖@AB ≈ 2

Black Hole “Star”

𝐿>IJK ≈ �̇�𝑐G
≈ 𝐿@AB/𝜖@AB

• Compact (𝑟 < 𝑟N)
• Steady state (𝑡044 ≫ 𝐺𝑀/𝑐R)

à Thermal!



DO BLACK HOLES EXIST?
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Narayan & McClintock, New AR (2008)
Garcia et al. (2001), (also, Narayan & Heyl; 2002)

BH’sBH’s

NS’sNS’s Sgr A*

Horizons existence subject to:
1. Steady state
2. Sufficiently compact or “normal”
3. No unknown channel for energy loss
4. Notion of energy conservation
5. M87: electromagnetic jets
6. Sgr A*: accretion powered
…, etc.

M87 Too!



PHOTON RINGS
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THE “SIZE” OF SGR A*
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MEASURING “MASS”
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On horizon scales On 3000x horizon scales

𝑀/𝐷 𝑀/𝐷T.V



MEASURING “MASS” NOW 
AND IN THE FUTURE
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+TMT

Tim Johannsen



CONSTRAINING MONOPOLE HAIR
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+TMT

𝑑𝑠G = − 1 +𝛼TR
𝑀
𝑟

R

1 −
2𝑀
𝑟 𝑑𝑡G+ 1 −
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\T
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𝑑𝜙G

Tim Johannsen



ASTROPHYSICAL MODELING 
OF EHT SOURCES
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ASTROPHYSICAL MODELING 
OF EHT SOURCES
Key known unknowns:

• Geometry & Dynamics of 
emission region

• Relativistic electron 
origin & distribution
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J. McKinney Tchekhovskoy et al.

SANE MAD

Dexter & Fragile (2013)

Misaligned disk?

McKinney & Blandford (2009)

Jet?Comment at recent Grav + Astro conference:
"My summary of the workshop so far: 

We don't know what drives jets. 
We don't know how jets are related to the BHs or NSs responsible. 
We don't know how jets are related to the associated accretion disk. 
We don't know how jets are related to their host galaxies. 
We don't know how BHs co-evolve with their host galaxies. 
We don't know how AGN feedback works. 

We don't know anything.“



LESSONS FROM 
PRECISION COSMOLOGY
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Modeling Priors

• Theories of accretion flows

• Theories of jet formation

• Radiative physics (synchrotron!)

• General relativity

EHT CONTEXT
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Empirical Priors:

• Spectral information

• Polarization information

• Morphologies at other wavelengths

• Dynamical measurements at 
other wavelengths



DIGGING IN JETS: M87
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DIGGING IN JETS: M87 EHT DATA
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𝑫~𝟒𝟎  𝝁𝒂𝒔

Asymmetric

Spatial Frequency

Co
rr

el
at

ed
 F

lu
x

Time

Closure Phases

Doeleman et al. (2012)



“COMPLICATED” JET MODELS

• Blanford-Znajek/Blandford-Payne:
Electromagnetic extraction of black 
hole spin/disk angular momentum.

• Large-scale ordered magnetic fields

• Canonical Structure:

• MHD Disk
• Magnetically dominated wind
• Force-free, roughly parabolic jet

McKinney & Blandford (2009)
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M87 Jet 
Widths



“SIMPLE” JET MODELS

• Axisymmetric & Stationary
(+poloidal struc)

• Particle inertia irrelevant:

• + Boundary conditions 
at disk/black hole!

𝑭g = 𝜌𝑬 + 𝒋×𝑩 = 0  
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Ωmnopq 𝑟   and   tan𝜃 ~
𝑣v
𝑅Ω~

𝐵y

𝐵z~𝛽|
\T

𝜃



PARAMETERIZED PARTICLE 
ACCELERATION IN M87
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𝑡}IB~𝑧/𝑐

𝑡4}}� ∝ 𝐵\R/G𝐵
∝
𝑅
\G
∝
𝑧
\T

𝐵 ∝ 𝑅
\T ∝ 𝑧

\T/G

log𝑧

log𝑡

~10R𝐺𝑀/𝑐G

• Particle acceleration 
smoothed over jet on EHT 
scales!

• Places lower limit on 
density evolution of 
nonthermal electrons

• M87’s sub-mm spectrum 
well fit by power-law

Po
loi

da
l

Toroidal

Slow Cooling

Load 
height

Non-thermal 
particle injection

Non-thermal 
particles 
conserved

𝑓 ∝ 𝛾�

3 Parameter Model:
1. Load height
2. Density norm
3. Spectral index

Courtesy of Craig Walker



ASTROPHYSICAL PAYOFFS!
WHERE DOES M87 BEGIN TO SHINE?

What is probably not injecting particles

• Internal shocks (maybe external?)

• MHD turbulence

• Accretion disk
EGM2015 30.5.2015

Stagnation 
Surface



IMPLICATIONS FOR SPIN
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0.96!

M
arg. Post. Prob.

M
arg. Post. Prob.

Ω����

Ω�

Ω<�



DIFFERENTIATING MASSES
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6.6×10�𝑀⊙

3.5×10�𝑀⊙

3.5×10'(⊙

6.6×10'(⊙



DIGGING IN ACCRETION FLOWS: SGR A*
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DIGGING IN ACCRETION 
FLOWS: SGR A* EHT DATA
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DIGGING IN ACCRETION 
FLOWS: SGR A* EHT DATA
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MODELING SGR A*
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𝐼(𝑥, 𝑦; 𝑎, 𝜃, 𝜉)

Chris Fach



1 MODEL – 7 YEARS
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POSTDICTIONS ARE EASY,
PREDICTIONS ARE HARD!
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,θ̂,ξ)/p

2
σ

0

0.5

1

1.5

2

2.5

3

Sk
y 

O
rie

nt
at

io
n

~Data Type



PARAMETER ESTIMATE IMPROVEMENTS
PROCEEDING ON SCHEDULE!
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In
cli

na
tio

n
PARAMETER ESTIMATE IMPROVEMENTS
PROCEEDING ON SCHEDULE!

Spin Magnitude
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1-SIGMA
IMAGE FAMILY
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ORIENTATION AND THE 
GALACTIC CENTER STORY
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ORIENTATION AND THE 
GALACTIC CENTER STORY
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Gillessen et al. (2011)



ORIENTATION AND THE 
GALACTIC CENTER STORY
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Cuadra et al. (2005)



SMALL-SCALE VARIABILITY
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GALACTIC “SEEING”:
REFRACTIVE SCINTILLATION
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Michael D. Johnson (CfA) at EHT 2014



GALACTIC “SEEING” MITIGATION:
THEORETICAL “ADAPTIVE OPTICS”
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≈ few∘

5.2𝜎!

Also turbulence!



AN ARRAY OF 
OBSERVATIONAL TIMESCALES
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• 7 years:  Operations!

• Days: Intra-campaign epochs

• Hours: Single night

• Minutes: Incoherent averaging

• Seconds: Correlation



LONG-TIMESCALE VARIABILITY?
• Misaligned environment (massive perturbers, collective impact of bulge)

• Misaligned Disk-Spin
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Dexter & Fragile (2013)

Accretion streams

Lense-Thirring torques 
(periastron advance!)

𝑇�JA4~
𝐿��> 
𝜏g¢

~
2

𝑎 sinΘ
𝑟}
10R

¤/G
yr𝑇�JA4~𝑇}J1~hours − days

Chris Fragile



SIGNATURES OF PRECESSION
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SEARCHING FOR PRECESSION:
(LIMITING MISALIGNMENT & SPIN)

EGM2015 30.5.2015

Harmonics 
of 1 yr

Any precession at all Lense-Thirring precession

Carlos Wang

Orbiting
S-Stars
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𝑚ª =
𝑄¬ + 𝑖𝑈
𝐼°

LARGE SMALL-SCALE
POLARIZATION!
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Johnson et al. (2015)



POLARIZATION & MAGNETIC FIELD GEOMETRY
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Toroidal Radial Swept

Elizabeth Griffin



POLARIZATION & PARTICLE DISTRIBUTION
Toroidal Radial Swept
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𝑚ª =
𝑄¬ + 𝑖𝑈
𝐼°



GRAVITY NEAR THE HORIZON
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Assume MeasureAssumeMeasure



HAIRY BLACK HOLES:
LIMITS FROM QUASI-KERR

Some fine print …

• Solution to vacuum Einstein equations when 𝒂 ≪ 𝑴

• Adds quadrupolar perturbation 
(based on Hartle-Thorne metric for slowly spinning neutron stars!)

• No-hair theorems à Quasi-Kerr metric must be sick!  It is inside 𝟐𝑴.
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𝑔´µ = 𝑔´µ¶ + 𝜖ℎ´µ
𝑀 = 𝑀, 𝐽 = 𝑎𝑀,

𝑄 = −𝑎G𝑀 − 𝜖𝑀R



LIMITS ON VIOLATIONS OF GR
(|𝑉| THROUGH 2009)
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LIMITS ON VIOLATIONS OF GR
(+ CP THROUGH 2013)
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1% precision 
strong-field tests 
of GR imminent!

Tim Johannsen

LIMITS ON VIOLATIONS OF GR
1NIGHT IN 2016!!



OUTLIERS
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3𝜎 outlier!



FLARING IN SGR A*
• Light crossing time: 𝑴~𝟐𝟎 s

• Orbital time at ISCO: 𝑷~  𝟒 − 𝟑𝟎 min

• Synchrotron cooling time: hrs

• Hot spot shearing timescale: 𝑷(𝒓/𝜹𝒓)

• Rate of ~ 1/day!

EGM2015 30.5.2015
Genzel et al. (2003) Baganoff et al. (2001)Marrone (2006)

1.3 mm

NIR
X-ray

Meyer et al. (2006)

NIR

On Day 94 of 2011

First evidence for 
structural variations 

during flares!



COULD THIS BE A HOT SPOT?
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COULD THIS BE A HOT SPOT?
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YES!



SPACETIME
TOMOGRAPHY
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Validation vs. Detection!

Julian: “eLISA launch: 2034??”



CLOSURE PHASE 
VARIABILITY REVISITED!
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a = 0.9
Hot-spot at ~ 6M
Period = 27 min.

Doeleman, Fish, A.E.B., Loeb & Rogers (2009)

f12
f23

f31
Expect ~5x better!



VALIDATION!  CLOSURE PHASE EVOLUTION
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Doelem
an, Fish, A.E.B., Loeb &

 Rogers (2009)



TRACKING SPOTS WITH 
POLARIZATION
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Johnson et al. (2014)

𝐿 𝑥, 𝑦, 𝑡 vs. 𝐼(𝑥, 𝑦, 𝑡)

cf. GRAVITY  



LOTS OF WORK TO BE DONE:
CONTROLLING ASTROPHYSICAL SYSTEMATICS
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SUMMARY
• EHT expansion happening now!

• A zoo of EHT data (+ context)

• Simple Jet models work well

• High spin! and mass?
• Jet particle acceleration?

• Simple RIAF models work well (too well?!)

• No discernable precession
• Orientation aligns with stellar disks & gas clouds in GC
• Already see evidence for refraction/turbulence
• Polarization probing magnetic fields & particle distributions

• Strong gravity tests at sub-percent level coming in a variety of ways with a 
variety of difficulty settings

• EHT Initiative at PI!
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