Preparing people to lead extraordinary lives

LOYOL A The Near Horizon Geometry of a Black Hole W.T. is supported by NSF

UNIVERSITY CHICAGO Hope Elgart, Bennett Korotko
Advisor: Dr. Walter Tangarife

Introduction
Blackholesare regionsof spacewhere massis compactedso densely,and hasgravity so strong, that

GeneralRelativity,they were deemeda mathematicalcuriositywith no physicalsignificanceThisis ho
longerthe consensusaswe havesinceobservedtheir effects on the motion of celestialbodies,the
gravitational waves they produce, and the accretion disks of hightemperature matter that often
surround them. Sincediscoveringthat black holes exist in our universe, there have been other
apparentproblemswith their descriptionthat havebeenovercomethrough carefulconsideration For
our researchthis past year, we have used the geometric properties of black holes and quantum
mechanicdo exploreinterestingaspectsaboutthe nature of blackholes

TheSchwarzschildMetric

The metric Is a matrix that we use to define the spacetimeinterval (the analogueto distance)in
relativity. In flat spacetime we usethe MinkowskiMetric which producesthe interval:

ds® = dr° = —dt* + dx* + dy* + dz*

Forcurvedspacetime KarlSchwarzschildiscovereda new metric, knownasthe SchwarzschiliMetric,
that obeys 9 A y a UigddAegjaons and manifestsitself in a geometry that is both spherically
symmetricand static. Thisnew metric producesaninterval
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ds® = dr* = — (1 G) dt® + (1 G) dr® + r°df® + r*sin*0*de?
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wherer andt are coordinateradiusand time respectively Theseare the quantitiesthat an observer
far away from the black hole would measure Due to the spherically symmetric curvature of
spacetime,the measuredradial distancebecomesstretched comparedto the coordinate distance
Anotherimportant feature of this new metric isthat it divergesasthe radiusapproache2MG. We call
this distancethe SchwarzschiléRadius(Rs),or for blackholes,the EventHorizon Normally,when we
seedivergencein our math it meansthat somethinghas goneterribly wrong. However,usingsome
clevercoordinatetransformationswe canget aroundthis problem

Uniform Accelerationin Minkowski Space

In Minkowskispace whichis flat spacetime,an objectthat experiencesonstantaccelerationwill take

a hyperbolicpath, of the form 1
2 2
— 1
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through spacetimeasshownin the diagrambelow. In a non-relativisticanalysisthis trajectory would
be parabolicassimplyintegratinga twice produces

r(t) = th when xg = vy = 0

However, becauserelativity limits the maximum velocity to the speed of light, the velocity of a
uniformly acceleratingobject will asymptoticallyapproachC,producinga hyperbolictrajectory like the
onesplotted below
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Dueto the hyperbolicpath undertakenby the uniformly acceleratedobserverin Minkowskispace,we now

not even light can escape Originally, when they were discoveredas a consequenceof 9 A y & U Sihtgpduéethe Rindlermetricto simplify our nearhorizonstudy Thiscoordinatesystemassumes constantly
acceleratedrame andthe Rindlerintervalnearthe horizonis givenby

ds® = dr* = —p*dw® + dp* + dx* + dy°

t

where w = = 2MGOcosd ,y = 2MGOsing
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andr hasbeenreplacedby p, or the proper distancefrom the horizon Additionally,the metric relieson the

use of a dimensionlesstime w.

We can easily arrive back to our familiar Minkowski metric if we limit

ourselvedo r near2MG, anda smallangularregion

ds?

—d7? = —dT?* + d7° + dX? + dY?

where I' = psinhw , Z = pcoshw

Overall, this coordinate transformation informs

us that the event horizon (Rs = 2MG) Is
locally nonsingularand the spacearound Rsis
locally flat. Spacetimediagrams,like the one to

— = —

the right, allow us to visually understand this

metric. Here,the eventhorizonis the origin, and =
the four quadrantsrepresent regions separated

by it. Regionl is located outside of the horizon P s
andin additionto representingRindlerspacejt Is Z

causallydisconnectedfrom reg

Importantly, region |l is causallydisconnected I
from all regions,showingthat nothing can ever

leave from Inside the event horizon Moreover, =

we observethat the light conespresentin our

Minkowski diagramfor an acceleratedobserver IV

are preserved and Increasing values of p p=p,
correspondto decreasingvaluesof acceleration

for our acceleratedbserverin flat spacetime FromAn Introduction to Black Holésy Susskind

Unruh and HawkingRadiation

In Quantum Field Theory,when

an observerin flat spaceand an inertial frame measurestheir vacuum

energyby actingon the vacuumstate |0 ), with the numberoperatorn;, they measure0. However,if this

observerwere to be in a curvec
would no longerbe the caseast

spacec or by the equivalenceprinciple,acceleratingn flat spacec this
ne quantumfield beingmeasuredis defined differently betweenflat and

curvedspace Usingthe Bogoliu
subseguentlydeterminehow the

povIransformationwe canrelate the fieldsin flat and curvedspaceand
numberoperatorin curvedspaceactson the flat space We find that

(0fIngi|0s) = > BBk # 0
k

which meansan observerin curvedspacemeasuresa non-zerovacuumenergyin flat space We call this
the Unruh Effect and the thermal radiation it createsUnruh Radiation¢ or in the specialcaseof black
holes,HawkingRadiation TheUnruhTemperatureand HawkingTemperaturemeasurethe temperature of

their radiationandare

respectively
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Outlook and Conclusion

The Black Hole Information Paradox,originally proposed by Hawkingin a 1976 paper, arisesfrom a
fundamental disagreementbetween the quantum mechanicaland relativistic predictions of how black
holes thermalize (scrambleand re-emit as radiation) information. In trying to answerthis questionthe
community standsto learn a lot about the true nature of gravity, and how our two most complete
descriptionsof the universefit and do not fit together Our work this past year has coveredinvaluable
prerequisiteknowledgeon generalrelativity and quantummechanicsn order to equip uswith the toolsto

tacklethis problem
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