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“COMPACT” OBJECTS




Galactic

“COMPACT” OBJECTS Center

Galactic
Center!

Angular Diameter of Ring (uarcsec)
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ventH orizonTeIescope . P ROTO-E HT”

http: / /www.eventhorizontelescope.org/

* Earth-sized mm VLBI array

* Existing telescopes.

* Resolutions of ~10 uas

Galactic

. - Center
(Sgr A¥)
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ventHorizonTelescope Mdny stations can

and will be added!

CARMA Haystack

SMA,

ARO-S A° \

£ s
+1
SRS

\ : A ,:‘,f TE-¢~
| »
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eentHorizonTelescope Mdny stations have
been added!

EHT on the cusp:
' * SNR increase
& °* lLong N-S baselines
* Intermediate baselines

* SPT: Fringes!
* ALMA: Phased & Fringes!
* LMT: Fringes!

* APEX & IRAM 30m
already involved!
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I Adding ALMA |
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RECONSTRUCTING IMAGES OF SGR A* (DISKS)

cattering Fish et al. (2014)



RECONSTRUCTING IMAGES OF M87 (JETS)

BSMEM

Lu et al. (2014)



DATA ZOO

* Visibility magnitudes at specific locations T
in spatial frequency, set by the T IF | e
particular @air of telescopeused, |Vgp| 10 Lo o we = ]

 “Cl es” definedby | i . P
telescope triplets) arg(VapVocVea) A

* “Closure amplitudes” defined by

|Vab||Vcd|
telescope quadruplets, Vil Vo] X S’rokes |, Q, U,

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

X Time x Sources!
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POSSIBLE WAYS FORWARD FOR
TESTING GRAVITY (AND OTHER STUFF)

EGM2015 30.5.2015

Find questions that are

insensitive to astrophysics
Tend to be qualitative or binary and rare.

Perform detailed

astrophysical modeling

How do we control our systematic errors
without model certainty?

Learn about high-energy astrophysics!




LIMITS ON HORIZONS

Black Hole PBNPgaS

LS‘LLTf =~ MCZ
~ Ljet/Ejet
* Compact (r <)

* Steady state (ty.c > GM/c3)
—> Thermal!
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DQBLACILHQLE&FXBT?
Ghe Celegraph r—

Home Video NeWS world Sport Finance Comment Culture Travel Life Women Fas _ _ _ _
Politics = Election 2015 = Investigations = Obits Education LT M Earth Weather Health F 0.1 102 10 1 10 1 10 ® ]-O 3 10 4

Science News | Dinosaurs | Space | NightSky | Evolution | Picture Galleries | Science Video

102 I |IIIIIII I |I|l||l| | |I|l|l|| | |T|IIIII | |IIIlIII I |I|ll|l| | IIIIII

HOME » NEWS » SCIENCE » SPACE

e 45 *
Wormbhole to another galaxy may exist in Milky Way 10 10 x5 Sg r A
A space-time tunnel could exist in the middle of the Milky Way and we could travel \\ 1 r S
through it, say scientists ’ >

OSK o:ez @1 @79 ,_"M( oﬁman

104
10° 10%° 10t 10'® 10'® 104 10 1018

v (Hz)

[’y
Fo(J
53

-

'I |

Horizons existence subject to:
. Steady state
. Sufficiently compact or “normal”

The Milky Way viewsd from Dorset. A wormhole may exist at the centre of the galaxy »

M o e - 2) . Notion of energy conservation

News »

How about that? » | &
E 193 Comments UK News » Science »

Science News »

. M87: electromagnetic jets

A giant doorway to another galaxy may exist at the centre of the Milky
Way, a study suggests.

1
, 2
Q oS Ko, st oy 3. No unknown channel for energy loss
4
5
6

In Space

. Sgr A*: accretion powered
EGM2015 30.5.2015
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PHOTON RINGS. ==
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A DEC (uas)

0
-50 -25 0 25
A RA (nas)

On horizon scales
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50

2007.40

M/D1.8

® Keck/UCLA Galactic
Center Group

On 3000x horizon scales




MEASURING “MASS” NOW
AND IN THE FUTURE

Mass (10° M)

[ T T T T I | |
> | [ [T | |
L N=10 | | < N=100 7 ]
B | | 4.31 7 ]
| | - g .
L
- | sl B s
[ | _ ©
5 | e S 43l |
| %)
n
©
4 — M/D’ ~ i ] 2 _
- o /D '
JES | | B 4.29 - M/D, +TMT -
-~ M/D* | | ) . ]
[ [ 1 | II | | [ N R R I ~ //I | | | . | ! A A | |
7 8 9 10 8.28 8.3 8.32
Distance (kpc) Distance (kpc)

Tim Johannsen
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CONSTRAINING MONOPOLE HAIR

ds? = — [1 + a5 <¥)3] (1- g)dtz +(1 ‘g>

-1

M3
dr? + r2de? + rzsinzell + a5 (7) ]d¢2

Probability Density P(«,,)

-0.5

0
Deviation o,

0.5 1

(o2}
T T

Probability Density P(ag)
N S

-0.1

0 0.1 0.2
Deviation o,
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ASTROPHYSICAL MODELING
OF EHT SOURCES
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ASTROPHYSICAL MODELING
OF EHT SOURCES

Tchekhovsk tal.

&( W

;
%’ /[ \\\\\ \\ o

715h/

Key known unknowns:

* Geometry & Dynamics of
emission region

[ ] [ ] f(E) ‘ .
e Relativ McKinnay & Rlandford (2009)

origin 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.”
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LESSONS FROM

PRECISION COSMOLOGY

Planck Collab Diffuse ion: Foreground maps

Table 4. Summary of main parametric signal models for the temperature analysis. For polarization, the same parametric functions
are employed, but only CMB, synchrotron, and thermal dust emission are included in the model, with spectral parameters fixed to
the result of the temperature analysis. The symbol “~" implies that the respective parameter has a prior as given by the right-hand
side distribution; Uni denotes a uniform distribution within the indicated limits, and N denotes a (normal) Gaussian distribution
with the indicated mean and standard devation.

Component Free parameters and priors Brightness temperature, s, [ uKy| Additional information
_ e
- Tnd, X = Brom L,
CMB" ............ A ~ Uni(—eo, 00) g(v) = (exp(x) — 1)7/(x" exp(x)) Tows = 2.7255K
Sevp = Acwp/g(v)
o A >0 _ wy A vy = 408 MHz
Synchrotron® ............. @ > 0,spatially constant s=a(3) 15 fily) = Exttemplate
32
Free.free logEM ~ Uni(—oo, o) & - log{exp [549460— :/EIﬂlog(Vv T, )]+e} . = T.10°
........... T. ~ N(T000 % S00K) T = 005468 v, EM g¢ Vo = v/(10° Hz)
sg = 10°T.(1-¢7)
Spinning dust. . ... ... v, ~ N(19=3GHz) Su = A () fmrel v 2 300GHz
v, > 0,spatially constant fiul) = Exttemplate
Ay > 0
Themmal dust® ....... By ~ N(1.55+0.1) vo = 545GHz
Ty ~ N23£3K)
SZ o Y0 Sur = 10° yu /8(V) Tern
COJ=1-0
i e COJ=2-1
Line emisss A =0 ! COJ=3-2
e R R hi; > 0,spatially constant 94/100
Jj = detector index
F = unit conversion

* Polarized component.
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Planck Collat

Diffuse P P Foreg ! mags
Table 5. Summary of full-sky foreground products available from the PLA. Each entry in the first column corresponds to one multi-
column and (optionally) multi-extension FITS file, named COM_C {label}-c der [nside} R2.90. fits. The various
columns in cach extension list the posterior maximum, mean, and rms maps, in that order, when available. The values reported in
columns 5 to 7 in this table are the mean and standard deviations of these posterior statistic maps.

Posterior outside LM923

FITS Vel
File exlension Parameter  [GHz/band] P Mean RMS Uit

TEMPERATURE AT I FWHM, Ny = 256

- 0 Ayl 28 93+ 118 924118 1M+3 Ky
o 191 19+1 20+08 Gz
1 Ag a1 14£21 1822 41£28 Kz
OB .. 0 At 167 1:67 15408 K .
O 0 Acon 100-ds1 03+13 04£13 00p+005  Kykms
1 Ao 2171 022£057 029£057 0040001 Ky kms
2 Acon 353-ds2 016£021  026+026 005+001 Ky kms
dust ............... 0 As 545 163 £ 228 163£228 066011 K
T, 212 21+2 11£07 X
Be 153005 151£006 0.05+003
freefree ... 1] EM e 1535 13£35 23424 em " pe
T, 7000 £ 11 7000 £ 11 X
0 A 0.408 20415 204+15 11£02 ®
0 A 14+14" 20+13" 0.8 +02" 10y,
xline' ..., 0 Awnn 100-ds1 0.08 £ 006 09+08 74+ 06 Ko
TEMPERATURE AT 7.5 FWHM, Ny = 2048
co21* ... 0 Acm 217-1 0.2+08 Kaskms™
ThermalDust® .. ... .. 0 Ay 545 02:08 e #Kw
B 1.54 £ 007
POLARIZATION AT 40° FWHM, Ny = 256
SynchrotronPol? . . ... 0 P 30 12£9 Ky
POLARIZATION AT 10" FWHM, N, = 1024
DustPol® ... ........ 0 ” s3 8+10 - o Ky

4

* The data file unit is pKs but for comvenience we list numbers in Ky in this table.

* Evaluated only over the Coma and Virgo regions.

¢ Thus is the 94/100 GEHz line emission component.

9 Only the full-mission maps are summarized in this teble, but the data fles also include corresponding maps for hall-mission, hall-year, and
half-ring data splits.

© Dats files contains Stokes ) asx U parameters, not the polarization amplitade, P = Q° + U7, listed here.




Modeling Priors

vL, (3.8x10% erg/s)

Theories of accretion flows

Theories of jet formation

Radiative physics (synchrotron!)

General relativity

E (eV)
10" 10° 10° 10° 10" | @ CP —— Aug 5, 1998 q
10000
1 oo —— Jul 28, 1999 ]
L __ LP Upper Limits i
~ ¥
9 L J
i
100 Vi g
fis %
/2 e 505 -
A E 7
AN el
4 3
1 / [
/ -
¥ 10 T T T [
0 _
001 M. Ll |
10 10 10 TE o rhpig ey ) 100
i Fr
0.1
® o
=
= 10
=
10-9
f LA
10-4 /
10-5 L i L d i L

100 10 101 102 101
v(Hz)
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104 1016

Empirical Priors:

* Spectral information

* Polarization information

* Morphologies at other wavelengths

* Dynamical measurements at
other wavelengths

o . !
0w © | o Hord Bond = 4.5-8 kev
g9 #
~
Zg ik
te ,fm*“¢+¢m+¢+¢+¢++¢+*+ﬂ#~“‘+++*+ fmw» B
L8 it t t f .
o
29
£ i
3
i Lt b
- fmﬁwﬂ*m*; 2007.40

Flux [jonsky x 107]
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Correlated Flux

DIGGING IN JETS: M87 EHT DATA

230 GHz VLBI observations of M87 in March 2012

2.5
® Arizona-Calfornia
Total flux (This work) ®  Arizona-Hawail
------------------- ® Hawaii-Calfornia
¥ 2009 data
2.0 Total flux in March 2009
3 1.5}
>
©»
C
()
©
x
=210
[V
0.5
0.0

1.5 2.0 2.5
Baseline length (10" ))

0.0 0.5 1.0

3.0

Spatial Frequency
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~ 301 Arizona - Hawaii - California triangle
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Black Hole Spin
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“COMPLICATED” JET MODELS| | M&7)et .~

Jet width (Rgy)
o
N
|

Lensed ISCO a=0 3

:/,7/ ]
" 1.3 mm VLBI measured size .

WP | P | sl wul

1 10' 10° 10° 10*
Apparent core distance (Rg,,)

* Blanford-Znajek/Blandford-Payne:
Electromagnetic extraction of black

hole spin/diskangular momentum.

* Large-scale ordered magneticfields
* Canonical Structure:

*  MHD Disk
°  Magnetically dominated wind

* Force-free, roughly parabolic jet

McKinney & Blandford (2009)
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* Axisymmetric & Stationary
(+poloidal struc)

e Particle inertia irrelevant:

F,=pE+jxB =0

* + Boundary conditions
at disk/black hole!

Uy BP

~ ~ -1
Rq "o ~Pe

Qfie1q(r) and tanf ~
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IYERARY N _ TRy 1§ 4 A 4 Nl N i i g s

Non-thermal
particles
conserved

Non-thermal
particle injection

~ 7 Spin direction

logt
Load

height
\ 4

ADEC (pas)

\

3 Parameter M
1. Load heigh High Mass
2. Density nor

60 40 20 0 -20 -40 -60 -80
ARA (nas)

3. Spectraling

Courtesy of Craig Walker

EGM2015 30.5.2015 3 2 1 8 G

MILLIAREC SEC



ASTROPHYSICAL PAYOFFS!
WHERE DOES M87 BEGIN TO SHINE?

7, (uas) Stagnation
30 40 50 60 70 Surface
4 I: I l. I I | I I I I | | I I I I | I I I I | | I I I: i " " !
o F High Mass - 1of
N - .
-O — —
~ 2 - =
D- — —
e - .
1 = 3 B
— ] = 0f
0 — -
10 15 20 &,
z, (GM/c?) —or ¢t
What is probably not injecting particles . N N
* Internal shocks (maybe external?) S

* MHD turbulence

e Accretion disk
EGM2015 30.5.2015




Lensed ISCO Diameter (Rsch)

._.
o
I

\
\
\
\
\
]

4 I 1 1 1 [ 1 1 1 l 1 1 1 l 1 L
0 0.2 0.4 0.6

Black Hole Spin
\ :
(a L
'c -
20
10

0 T T N ]

0

MPLICATIONS FOR SPIN
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301 Arizona - Hawaii - California triangle
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DIGGING IN ACCRETION FLOWS: SGR A*
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DIGGING IN ACCRETION

FLOWS: SGR A* EHT DATA

4 i ] T Ll Ll ] Ll T T Ll l T | | Ll Ll ' Ll T 1 | Ll i

o i Sgr A*

2 Day 96 -

Table 1 2 3T— .

Data Epochs % | i

i ]

» Epoch  Year  Day(s) Time N* ¥ 2F -

(1) e | -

O o i ]

£ 2 z | !
= C e T =
2 o £ :
‘a O S [ had ]
> = sl :
0 1 2 3 4

Closure
Phases

# Number of data points, including detections only

Closure Phases (deg)

-50

90 81

80

93 88
—2009 2011

81
2012

b Data types are visibility magnitudes (VM) and closure phases (CP) L
¢ D8=DOELS. Fl1I=FISHI I, FI5=FISH15 L |
4 Contaminated by flare activity 0 50 100 150

Index (Time—Sorted)
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DIGGING IN ACCRETION
FLOWS: SGR A* EHT DATA

4 T T T
Table 1 = | sgr A*
Data Epochs O Day 96 ]
z sl :
3 °
- r Q
«w» Epoch  Year  Day(s) Time N*  Type" Ref® 73
m 3 T T T
Ke; o
S o
Z 2 : :
= C £ g
o O S | B
w O : 2
N 0 1 2 3 4 g 97
> E Baseline length (GA) & -50 -—93229 BBggﬂll 23112 0 N 2013 —-
: P S T R E S S B .:
[ 50 100 150
Index (Time-Sorted)
g o ~ T — 80% .
— 228.8-229.3 GHz
0w 24 8 2p /ORI — = 2204-2208 GHz =
o _g ) S = -7 N ‘ o o
— - / 'T / .-
U Q. % 1 [ / _',:. z / \\ \ 60% ‘E;
8 f oo CARMA-SMT \ ‘\ =
| _ \ ]
A [ JOMT-SMT > | SMA-SMT | a
< Op ! | ¥ 40% o
-E; | \ ! " ~ | 2B
[\ / S - / —
o i \ - ©
vn —1 [ \50 pas \100 pas /X ! g
; . - - | \N5Rg,, \*10R,, L/ ]‘ —{ / 20% .S
# Number of data points, including detections only 5 r \ N P / S
b Data types are visibility magnitudes (VM) and closure phases (CP) 5 2[S gr A* T SMA-CARMA // E
¢ D8=DOELS, F1I=FISHII, F15=FISH15 Z S S S S S S— PRSI N 0%

4 Contaminated by flare activity 4 2 0 -2 -4
East—West Baseline (GA)
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MODELING SGR A*

Innermost stable circular orbit (ISCO)

Event Horizon

Chris Fach
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Table 1
Data Epochs

Epoch  Year  Day(s) Time N*  Type" Ref®

1 2007 100-101  11.00-13.67 19 VM D8

2 2009 95 11.17-15.00 12 VM Fl1

3 2009 96 11.50-14.56 19 VM Fl1

1 2009 97 11.50-13.67 20 VM Fl1
Totals 11.73 hrs 70

5 2009 93 11.54-13.87 11 CP FI15

6 2009 96 12.46-12.79 3 CP FI15

7 2009 97 11.96-14.38 10 CP FI15

8 2011 88 12.37-13.52 7 CP FI15

9 2011 90 13.67-14.02 2 CP FI5

10 2011 91 11.93-13.53 5 CP F15

1 2011 94 11.78-14.51 17 CP FI15

12 2012 81 12.52-15.68 25 CP F15

13 2013 80 12.55-15.43 28 CP FI5

14 2013 81 1297-15.27 10 CP FI15

15 2013 82 1297-14.88 IS5 CP FI5

16 2013 85 12.15-15.17 32 CP F15

17 2013 86 12.55-13.95 16 CP FI5
Totals 25.58 hrs 181

“ Number of data points, including detections only
b Data types are visibility magnitudes (VM) and closure phases (CP)
¢ D8=DOELS. F1I=FISH11, F15=FISH15
¢ Contaminated by flare activity

EGM2015 30.5.2015

360°

300°

240°

§ 180°

120°

Sky Orientation

60°

00

<« |V|—>= Cp
]

CRR AP OO N
Epoch

~Time




Table 1

Data Epochs 360° <_|V| CP >
Epoch  Year  Day(s) Time N*  Type® Ref*
1 2007 100-101  11.00-13.67 19 VM D8
2 2009 95 11.17-1500 12 VM  FIl 300°
3 2009 96 11.50-14.56 19 VM  FIl <
4 2009 97 11.50-13.67 20 VM  Fll o
Totals 11.73 hrs 70 °
b o
5 2009 93 11.54-13.87 11 CP  FI5 o] 240
6 2009 96 12.46-12.79 3 CP  FI5 _—
7 2009 97 11.96-1438 10 CP  FI5 -
8 2011 88 12.37-13.52 7 CP  FI5
9 2011 90 13.67-14.02 2 CP  FIS (] & 180°
10 2011 91 11.93-13.53 5 CP  FI5 ':
14 2011 94 11.78-1451 17 CP  FI5
12 2012 81 12.52-1568 25 CP  FI5 O
13 2013 80 12.55-1543 28 CP  FI5 o
14 2013 81 12.97-1527 10 CP  FI5 >~ 120
15 2013 82 12.97-1488 15 CP  FI5
16 2013 85 12.15-15.17 32 CP  FI5 T~ 4
17 2013 86 1255-1395 16 CP  FI5 (75
Totals 25.58 hrs 181 60°

“ Number of data points, including detections only

b Data types are visibility magnitudes (VM) and closure phases (CP)

‘1 D8=DOELS. F11=FISH11, F15=FISH15 0°
Contaminated by flare activity COR TR AP &\/0@\63{?\6\\/@@@

Epoch

~Data Type
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Inclination
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n Magnitude




PARAMETER ESTIMATE IMPROVEMENTS

PROCEEDING ON SCHEDULE!
.

|||||

25 LN L B

ll]lllll|l||l|llrll .
With CPs
10 |-

p(8)
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p(6,€)
0 50 100 150 200 250 300 350 400 450
] | | |

| | |
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Gillessen et al. (2011)

p(0,€) A gas cloud on its way into the super-
0 50 100 150 200 250 massive black hole in the Galactic Centre
| |

i |
- S. Gillessen, R. Genzel, T. Fritz, E. Quataert, C.Alig,A. Burkert, ).
i | | Cuadra, F. Eisenhauer, O. Pfuhl, K. Dodds-Eden, C. Gammie, T. Ott

Nature, Dec. 2011

Simulation by: M. Schartmann, A. Burkert, C.Alig, S. Gillessen, R. Genzel
using PLUTO 3.1.1 (Mignone et al. 2007)
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EGM2015 30.5.2015 To Sun
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How Does Refractive Substructur

5.6 Tiet

Michael D. Johnson (CfA) at EHT 2014
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GALACTIC “SEEING” MITIGATION:
THEORETICAL “ADAPTIVE OPTICS”

| T T T T T T T T T T T T T 'lhble 3
I i Model Comparison 5 . 2 O-I
50 N\
Model Class N* K minx® AAIC fdds Ratio \

1.6 x 1077
1.3x10°%
0.99

0>90°withop =0 234 7 3069 410
0 <90° withgp =0 234 7 3097 438
0 >90° with op 0 234 19 2399  0.96
0 < 90° with op 0 234 19 2389

4 Number of data points, including detections only
® Number of fit parameters

Closure Phases (deg)
o

-50

0 50 100 150

Index (Time-—Sorted) I(X’ t) — I_[X + é(X, t)]

27Tll°€(u,t)% 27T_u§ 5_u ~ few®

(5@123 ~ 5U'Vu )\ \ »

Also turbulence!
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Table 1

Data Epochs 360°
Epoch  Year  Day(s) Time N*  Type® Ref
l 2007  100-101 11.00-13.67 19 VM D8
2 2009 95 11.17-1500 12 VM  Fll 300°
2009 96
1 2000 97
Totals ° ° I
~ .. * 7 years: Operations!
6 2009 96
7 2009 97
8 2011 88 ° °
9 2011 90 D I - h
o W ays: Intra-campaign epochs
114 2011 94
12 2012 81
13 2013 80 . .
14 2013 81
+oon s e Hours: Single night
16 2013 85
17 2013 86
Totals

* Minutes: Incoherent averaging

“ Number of data points, i
b Data types are visibility 1
¢ D8=DOELS, F1 I=FISH
¢ Contaminated by flare a

e Seconds: Correlation
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* Misalig ned environment (massive perturbers, collective impact of bulge)

* Misaligned Disk-Spin Lense-Thirring torques

(periastron advancel)
Accretion streams

T Laisk _ 2 ( To )
Tprec“’TorbNhourS — days prec T;r asin® \103

e

\

Dexter & Fragile (201 3)

Chris Fragile
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SIGNATURES OF PRECESSION

- C
- -




SEARCHING FOR PRECESSION:
LIMITING MISALIGNMENT & SPIN)

Any precession at all Lense-Thirring precession

R —————
Orbiting:
1 & Harmonics 30
of 1 yr
0.6
s 5
E 0.1 | 0] 20 o
~ -
= v,
0 0.4 S
>
@,
—
10-2 10
; 0.2
N Y . 0
1o , ” " - - 1 10 100 1000
10- . 1 1 1 .
T (yr) Outer Disk Radius
Carlos Wang
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_a_
T N T I e ———
1 1 1

:<\ :' ! l/l ot o0 'o.:Jao' - o.-lao
(@) 2 | / JCMT-CARMA — — __ (Deblurred) Normalized Visibility
~ . / - -7 ~ T ZZY 4 =22Y.0 GHZ ]
Q - v \ \ -
o i I / \ i
g [ /) // CARMA-SMT \ \\ 1t
- _ : \ 1k
Mm 0 - JCMT-SMT | ; ‘ sma—smt | L 0%
£ - \ L3 11 407%
- . \ / N | B S
3 [ \ /N = 1 18
»vn —1 [ 90 pas \100 uas / oAb
| - \MORg,, \~10Rg / T - / I ~<20%
S o N 7 /b F
i - i
- -2 -~ _ _ -~ SMA-CARMA / —
s <[ Sgr A* ) i
Z —1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 L Z | 1— O%
4 2 0 -2 -4

BEast—West Baseline (GA) Johnson et al. (2015)

EGM2015 30.5.2015

Fractional Polarization




Elizabeth Griffin

N (serl) DHAAY

(serl) DAAV

Toroidal
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POLARIZATION & MAGNETIC FIELD GEOMETRY

(serl) DAAY



Swept

POLARIZATION & PARTICLE DISTRIBUTION

Radial

Q+iU Toroidal

m=—-——
I

\
J

v (km)

o1
v (km)

5000 7 0 -5000 5000 0 -5000
u (km) )

u (km)

Elizabeth Griffin
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Measure Assume
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ARA (as)

Juv = g,{fv + Ehuv

M=M, | =aM,

ADEC (pas)

ARA (uas)
Q — _a2M . EM3 ) ARA (pas)

Some fine print ...
* Solution to vacuum Einstein equations when |a| <K M

* Adds quadrupolarperturbation
(based on Hartle-Thorne metric for slowly spinning neutron stars!)

* No-hairtheorems 2 Quasi-Kerr metric must be sick! It is inside 2M.
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LIMITS ON VIOLATIONS OF GR
(|V| THROUGH 2009)

1

0.8

Broderick et al. (2014)
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LIMITS ON VIOLATIONS OF GR
(+ CP THROUGH 2013)

a, Carlos Wang

EGM2015 30.5.2015



x 10

0.01

-0.005

—0.01

0.14 0.145 0.15 0.155 0.16
A

4 0.5
1% precision

strong-field tests
of GR imminent!

2 0.4

0.6 0.8

a Tim Johannsen
*
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FLARING IN SGR A*

Light crossing time: M~20 s
Orbital time at ISCO: P~ 4 — 30

Synchrotron cooling time: hrs
Hot spot shearing timescale: P(r

Rate of ~ 1/day!

Table 1

5.5 (r—r
C Data Epochs F |
5 - Epoch Name Year  Day(s) Time N#  Typeb P 2003, %3
C { 1 2007-VM 2007 100-101 = 11.00-1367 19 vM [ = T
L 2 2009.95-VM 2009 95 11.17-1500 12 VM
45 - 3 200996-VM 2009 96 11.50-1456 19 VM
— E ' 2009.97-VM 2009 97 1150-13.67 20 VM
> r { Totals 11.73hrs 70
s 4 |-
3 N 5 2009.93 2009 93 11.54-1387 11 CP
B C 6 2009.96 2009 96 12461279 3 CP
a5 [ 7 2009.97 2009 97 1196-1438 10 CP
O 8 2011.88 2011 88 12371352 7  CP
- 9 2011.90 2011 90 13.67-1402 2  CP %
C 10 201191 2011 91 1193-1353 5  CP
3 11 2011.94 2011 94 11781451 1 cp
C 12 2012 2012 81 12.52-1568 25 CP
L 13 201380 2013 80 1255-1543 28 CP |
o5 L 14 2013.81 2013 81 12971527 10 CP s 1
100 15 2013.82 2013 82 1297-1488 15  CP 50
16 2013.85 2013 85 12.15-15.17 32  CP
17 2013.86 2013 86 12551395 16 CP &
- Totals . 25.58 hrs 181 " 1
G

4 Number of data points, including detections only
EGM2015 3 b Data types are visibility magnitudes (VM) and closure phases (CP)

Flux [jansky x 107°]

Flux of Sgr A

First evidence for

Amplitude

during flares!

structural variations

(2006)

T
NRAO530-LL
SGRA-LL

T

1

1
11h3o™

12h™

30™

13%™

30™

Time

1400™

3™

15h™

30™




COULD THIS BE A HOT SPOT¢

a=0, r=6M

LP

tot

Broderick & Loeb, 2006, MNRAS, 367, 905
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SPACETIME
TOMOGRAPHY

Validation vs. Detection!

EGM2015 30.5.2015 Julian: “eLISA launch: 203422”




1 I ] I I 1 1 1 I I L 1 1 1 I I I 1 1

[ Hawaii(8) CARMA(8) ALMA(10) 16 Gbit s~ ]

"é:o 100 -—

i) I Expect ~5x better!

o I

w -

g 0

o,

o

=

=

n

=

0 —-100
I 1 1 1 L l 1 1 1 1 l 1 L 1 1 I L L L 1
0 0.5 1 1.5

a=0.9 Time (hr)

Hot-spot at ~ 6M

. . Doeleman, Fish, A.E.B., Loeb & Rogers (2009)
Period = 27 min.
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Closure Phase (deg)

A

100

100

100

100

100

100

100

100

100

100
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TRACKING SPOTS WITH D
POLARIZATION

o
g 100
-+
()
-
S 0
e
)
-
Q
A4
o' —-100
(a1

L(x,y,t) vs. I1(x,y % 0"

SMT—CARMA, with Baseline

m(u) and [f(.u)l

— Exact.
—— Fit w/ Noise

C 1 1 1 1 IEI 1 1 1 I 1 1 1 | I 1 1 1 1 I 1 il 1 I 1 l-l

— Fit w/o Noise
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0.5 1.0 1.5 2.0 2.9
Hour Johnson et al. (2014)



LOTS OF WORK TO BE DONE:
CONTROLLING ASTROPHYSICAL SYSTEMATICS

MY ACCOUNT PASSWORD LOG OUT

PERIMETER PI INSTITUTE FOR THEORETICAL PHYSICS ENGLISHIFRANGAIS A Ky f & SR
ABOUT RESEARCH TRAINING OUTREACH PEOPLE EVENTS VIDEO LIBRARY NEWS SUPPORT PI Q

Home » Research » Research Initiatives » Event Horizon Telescope (EHT) Initiative

View draft Edit draft Moderate Log

Workbench Access: Research

AR EVENT HORIZON TELESCOPE (EHT) INITIATIVE

RESEARCH . . . -
Perimeter Institute is building a team of Faculty members, postdoctoral researchers,
AREAS : : ,
and graduate students to conduct leading-edge analysis of astrophysical data
RESEARCH collected by the Event Horizon Telescope (EHT).
INITIATIVES
TENSOR Join the EHT
NETWORKS Initiative at
Perimeter
VISITORS
CONFERENCES =¥ fins3§&
SEMINARS The EHT is an international collaboration that coordinates observations from a global
- . . . Watch Recent Talks on
array of millimetre-wavelength radio telescopes that collectively provide )
SHUTTLE . . . Event Horizon Telescope
SHU = unprecedented ability to resolve the event horizons of nearby supermassive black

EGM2035 30.5.2015les, Read Recent Papers on

— . gs e -




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 i
* Already see evidence for refraction /turbulence
* Polarization probing magnetic fields & particl
Strong gravity tests at sub-percentlevel co

variety of difficulty settings

EHT Initiative at PI!
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