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Abstract: Astronomers have discovered many candidate black holes in the universe and have studied their properties in ever-increasing det
the last decade, a few groups have developed observational tests for the presence of event horizons in candidate black holes. The talk wi
one of these tests, which indicates that the supermassive black hole at the center of our Galaxy must have a horizon.
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Black Hole

= ABlack Hole is an object in which gravity

is so strong that matter is crushed to a

Event
singularity, surrounded by an event horizon Horizon
= The Event horizon acts like a one-way
v
membrane --- matter/energy can fall in, but P
nothing can get out, not even light I;! 7
» 1
= A most remarkable prediction of

General Relativity

- (non-spinning BH):. Singularity
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Are Black Hole Candidates
Really Black Holes?

We know that BH candidates are

« Compact:

= Massive: (not neutron stars)
But can we be sure that they are really BHs?
True, there is no equilibrium solution known...

But can we find independent evidence that BH
candidates actually possess Event Horizons ?

This is the question addressed in this talk



In Search of the

Event Horizon -
= Accretion flows are - ‘
very useful, since - N

inflowing gas reaches
the center and "senses”
the nature of the central object

= X-ray binaries have an additional advantage ---
we can compare NS systems (which have
surfaces) and BH systems (no surfaces?)




How to Check if an
Object has an Event Horizon?

= [f the object does not have an Event
Horizon, then it must have a surface

= Accreting gas will fall on the surface and
will produce extra radiation, in addition to
whatever produced in the accretion disk

= We can look for this extra surface radiation
= If it is not present, then no surface = EH




Is this Good Enough?

=« What we hope to show is that an object
does not have a surface

= We then argue that, if the object does
not have a surface, it must have an
event horizon

s Evidence of absence of surface... is this
good enough as proof of event horizon?

= NO better idea so far...



Signatures of the Event

Horizon
Differences in quiescent luminosities of XRBs (Narayan, Garcia &

McClintock 1997; Garcia et al. 2001; McClintock et al. 2003;...)

Differences in Type I X-ray bursts between NSXRBs and
BHXRBs (Narayan & Heyl 2002; Tournear et al. 2003; Yuan,
Narayan & Rees 2004; Remillard et al. 2006)

Differences in X-ray colors of XRBs (Done & Gierlinsky 2003)
Differences in thermal surface emission of NSXRBs and BHXRBs
(McClintock, Narayan & Rybicki 2004)

Infrared flux of Sgr A* (Broderick & Narayan 2006, 2007)



Type I X-ray Bursts

Discovered by Grindlay
et al. (1976)

Very common in XRBs

Sudden brightening,
once every several hrs;
lasts about

Physics understood:
unstable nuclear
burning of accreted gas

Counts/s

6300

40
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= Accreted gas on the surface of a compact star is heated by

compression, triggering nuclear reactions:

F

= Nuclear reaction rates are very steep functions of temperature.

s If is steep enough, energy production increases too rapidly with

increasing | for cooling to keep up — runaway instability Burst
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We have a quantitative model
of Type I bursts: Narayan &
Heyl (2002; 2003)

Compare model predictions
against burst data (RXTE)

(13 NSs,

First principles calculation

Predict bursts

Observed

Pretty good agreement

Type I Bursts in NSs

of data)

NS Burst Rate (s™')

bursts

Part of the discrepancy could be

due to errors in
uncertainties in

(dueto Remillard, Lin, Cooper & Narayan (2006)
)



No Type I Bursts in BHs!!

No BH candidate has ever exhibited a Type I burst

Obvious explanation: They have event horizons, so
material cannot pile up, and there can be no bursts

But, would they burst
iIf they had surfaces, and

We can use our burst
formalism to calculate this




We have a quantitative model
of Type I bursts: Narayan &
Heyl (2002; 2003)

Compare model predictions
against burst data (RXTE)

.

First principles calculation

Predict bursts

Observed

Pretty good agreement

Type I Bursts in NSs

of data)

NS Burst Rate (8™ )

bursts

Part of the discrepancy could be

due to errors in
uncertainties in

(due to Remillard, Lin, Cooper & Narayan (2006)
)



Data on
BH XRBs

NS Burst Rate (s™')

Model predicts fairly high
burst rate for accretion

at

No bursts seen in
25e-05

:

oy g g g — ——
] _— .
- U LN

confidence limits shown)

1.5e-05 |

BH Burst Rate (s™')

1e-0S F

Impossible if objects

have surfaces

= Event Horizon
(Narayan & Heyl 2002)

Tournear et al. (2003)




Any Other Explanation?

= Very hard to explain lack of bursts in BHCs
without invoking an Event Horizon

= One possibility: Our BH candidates may be
made of some "exotic” matter which

converts H/He nuclei on contact to exotic
matter: No nuclei No bursts!

= Implausible ( ), but logically
allowed

= It would be good to find other arguments
for the reality of the Event Horizon
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Accretion
Gas with angular momentum goes into orbit
at a large radius around the BH

Slowly spirals in by “viscosity” (magnetic
stresses) and falls into the BH at the center
Potential energy is converted to orbital
kinetic energy and thermal energy:

Some of the thermal energy is radiated




Accretion Energy Budget

= Gas starts with zero binding energy at
large radius

= At any intermediate radius

|

]

» Remaining : heat — radiation
= At the surface of the central star:
; radiated from surface

= Unless we have a BH ...




How Much Luminosity
from the Surface?

= If the accretion disk radiates its thermal
energy efficiently (standard case), then

=z inefficient (advection-dominated: ADAF)




Basic
Idea

= [he surface luminosity is predicted to be always
important:

= Unless there is no surface...

= We look for systems that have negligible surface
luminosity - these must be BHs

= Has the potential to be a robust argument since
It just uses energy conservation



Our First Approach
(Narayan, Garcia & McClintock 1997)

= We considered a complete sample of
» BH XRBs (identified by mass)
» NS XRBs (identified in various ways)
= Compared the luminosities of these systems
in “quiescence” (astrophysics mumbo-jumbo)

= Predicted (initially by Narayan & Yi 1995) that
5H XRBs would be unusually faint relative to
NS XRBs --- Confirmed!



Beautifully Conﬁnned

Extremely strong signal in
the data

There is no question that
quiescent BHs are orders of
magnitude fainter than NSs

Perfectly natural if BHC:
have Event Horizons

Other explanations are very
contrived




Nevertheless,
One Key Assumption

= Our evidence for the EH from quiescent
XRBs requires BH and NS systems to
have similar accretion rates

= Thatis, has to be a good proxy for

= he argument would be stronger if we
could avoid this assumption

= We can do this with the Galactic Center
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Black Hole Candidate at the
Galactic Center

Dark mass at the Galactic
Center (inferred from stellar motions)




Stellar Dynamics at the
Galactic Center

Schodel et al. (2002)




Radlio Source at the GC:
Sagittarius A*
= A compact radio source Sgr A* is located at the
Galactic Center

= Very Long Baseline Interferometer (VLBI)
observations place an exquisitely tight limit on
the velocity of Sgr A* (_L to the Galactic plane):
(Reid & Brunthaler 2004)

= Brownian motion analysis suggests a mass of at
least i.e. Sgr A* is the BH candidate
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Stellar Dynamics at the
Galactic Center
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