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INTRODUCTION

APPLICATIONS OF QI IN HOLOGRAPHY — HEE (RT, HRT,....)—

A

minlextr

4G

ENTANGLEMENT BUILDS GEOMETRY — QI BUILDS GEOMETRY!

= Tr(—p,logp,) =—> RT = REDUCED DENSITY MATRIX

LOOKING BEYOND BH HORIZON — COMPLEXITY = VOLUME (PURE
STATES). (SUSSKIND, BROWN,....... )

COMPLEXITY— DIFFICULTY OF PREPARING A STATE (REFERENCE —
TARGET, PURE). (NIELSEN, JEFFERSON, MYERS, CHAPMAN, HELLER,

CAPUTA, MAGAN, FLORY,..... )
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Complexity = Volume



MIXED STATES — PURIFICATION (ADD AUXILIARY SYSTEM) + MINIMISATION
OF COMPLEXITY FUNCTIONAL IN TERMS OF AUXILIARY SYSTEM PARAMETERS.
(CHAPMAN, MYERS, HELLER, CAPUTA, CAMARGO, JAHN, TAKAYANAGI,.....)

MIXED STATES — HOLOGRAPHIC SUB-REGION COMPLEXITY

V. ..(subregion)
— ' — ENTANGLEMENT WEDGE =FULL INFO OF p,.

SrlLG

(ALISHAHIHA, SWINGLE, CACERES, AB, ERDMENGER, ABT, NORTHE,....)

EXTENSION OF HRT —- QES— PAGE CURVE OF EE BETWEEN BH & NON-
GRAVITATIONAL BATH (ENGELHARDT, WALL, PENNINGTON, ALMHEIRI,
MALDACENA, HARTMAN, STANFORD, MAHAJAN,...)[2 AND HIGHER
DIMENSIONS]

PURELY BULK REGIONS — ENTANGLEMENT ISLANDS APPEAR IN THE EW OF
RADIATION STARTING FROM PAGE TIME — PATH-SHIFT/BENDING OF
GROWING EE CURVE. (BREAKDOWN OF BULK EFT DESCRIPTION AT PAGE
TIME)
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2 VERSIONS OF PAGE CURVE— EVAPORATING & ETERNAL.

WHAT ABOUT SUB-REGION COMPLEXITY? (AB, CHANDA, MAULIK,
NORTHE, ROy 2020, MYERS ET AL, 2021)

WHAT HAPPENS AT PAGE TIME? SUDDENLY SOME BEYOND-THE-
HORIZON MODES BECOME AVAILABLE TO THE DENSITY MATRIX OF THE
RADIATION, AUTO-PURIFICATION OF THE PARTNER MODES.

NAIVELY: THE COMPLEXITY OF ONE HALF OF PARTNER MODES+ ADD
THE COMPLEXITY OF PURIFICATION FOR THE PARTNER MODES.
RESULT??

2010.04134 - MBW WORMHOLE MODEL— EVAPORATING BH —
JUMP IN SUB REGION COMPLEXITY OF RADIATION AT PAGE TIME—
HOLOGRAPHIC COMPLEXITY OF PURIFICATION.
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B RANEWORLD MODEL (2012.04671, GENG, KARCH, RANDALL, RAJU ET ',

AL JHEP) i

* |ISLANDS IN HIGHER DIMENSIONS — RANDALL-SUNDRUM
BRANEWORLDS WITH SUBCRITICAL TENSION BRANES - KARCH-
RANDALL BRANEWORLD.

* BULK COSMOLOGICAL CONSTANT & TENSION OF THE BRANE— FINE
TUNING PARAMETERS.

* WEAKLY GRAVITATING BATH - INTRODUCE A SECOND BRANE

* BRANE ANGLES DICTATE THE STRENGTH OF GRAVITY ON THE BRANE
(BRANE TENSION) - WEAK GRAVITY ~-LESS ANGLED RIGHT BRANE.
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* ONE BRANE IN BULK (NON-GRAVITATING BATH)- I)BCFT ;. II)ASYMP ADS
CONNECTED TO D DIM CFT ON HALF- MINKOWSKI SPACE I11) EINSTEIN

GRAVITY ON ASYMP ADSd+1 CONTAINING D DIM KR BRANE AS EOW BRANE.

* TWO BRANES (GRAVITATING BATH)- 1) D-1 DIM DEFECT CFT 11) TWO D DIM
CFTs (ASYMP ADS; BULKS) CONNECTED AT DEFECT III) EINSTEIN GRAVITY
ON ASYMP ADS ; | CONTAINING TWO EOW BRANES CONNECTED AT DEFECT.

* DOUBLE HOLOGRAPHY- COMPUTE DYNAMICAL RT SURFACE IN BULK.

Defect Rig h'gyBrane

0

Left Brane

b

Island
surface

N

HM surface




LEFT-RIGHT ENTANGLEMENT (PAGE CURVE)|

* ETERNAL BH PAGE CURVE FOR THE LEFT AND RIGHT MODES OF THE
THERMOFIELD DOUBLE STATE OF (D-1) DIM DEFECT CFT WHERE THE
TWO BRANES MEET WITH FINITE TEMPERATURE.

* LEFT AND RIGHT MODES = LEFT AND RIGHT BRANES ??

* CANDIDATE RT SURFACES HAVE TO END ON THE DEFECT.
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TWO CANDIDATES - 1) HARTMAN-MALDACENA-MATHUR (GROWS INDEFINITELY) STARTING
FROM DEFECT , GOES BEYOND BH HORIZON IN THE BULK, ENDS ON THERMOFIELD
DOUBLE PARTNER DEFECT, II)CONSTANT SURFACES STARTING FROM DEFECT AND
SHOOTING TOWARDS ONE OF THE BRANES (DON’T GROW, DON’T GO BEYOND HORIZON).

INITIALLY HMM IS MINIMAL~- LATER CONSTANT SURFACE IS MINIMAL (HMM GROWS) |
(ISLANDS!!!) @

AFTER MINIMAL SURFACE SHIFT FROM HMM TO ISLAND SURFACE, RIGHT MODE D.O.F f

APPEAR ON LEFT BRANES AS WELL. THEREFORE LEFT AND RIGHT MODES ?é LEFT AND
RIGHT BRANES.

Defect  Right Brane

0

Left Brane

b

4\
Island

surface

HM surface




HMM &ISLAND SURFACES

CONSIDER ADSd 1BLACK STRING METRIC IN BULK.

2z I/ld_l

2 I , , du - 4.9
s = : — h(u)dt” + +dx“+u“du-|, hu =1-—
u? sin? u h(u) us

HERE u > () IS THE RADIAL DIRECTION, 0 <y < 27 IS THE ANGULAR
COORDINATE AND X IS (D-2) ORTHOGONAL DIRECTIONS.

T
THE HARTMAN-MALDACENA SURFACE IS LOCATED AT H=— =~0ONLY NEED TO

2
MINIMIZE THE AREA FUNCTIONAL THERE.

1/22

h(u)

= J'dtg, WITH THE LAGRANGIAN , £ = ud_l\ h(u) +

T ——



* Now

Uerit d | )
A (t )=lim | — + [ . —h(u) + .
PR s @ D ) g ) h(u)

* FOR ISLAND SURFACES (CONSTANT), THE EMBEDDING
FUNCTION IS FOUND BY SOLVING WITH A TIMESLICE AND

CONSIDERING U = U({{)EMBEDDING.

* THE EMBEDDING ACTION FOR THE BLACK STRING METRIC IN

n—6 / 5
= d
0, (u sin /4)3\ h(u)
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SUB-REGION COMPLEXITY

COMPUTE VOLUMES BELOW HMM UNTIL PAGE TIME + VOLUMES BELOW ISLAND

SURFACE AFTER PAGE TIME- ARGUE MAXIMAL VOLUMES FOLLOW THE SAME
QUALITATIVE BEHAVIOUR.

HMM SURFACE - GROWS WITH TIME, INDEPENDENT OF }{ - FOLIATE THE HMM VOLUME
BY HMM SURFACES FOR ALL U - V;_;; (GROWS IN TIME)

ISLAND SURFACE - CONSTANT - COMPUTE VOLUMES BETWEEN ISLAND AND LEFT BRANE
FROM U/ = € TO CRITICAL ANCHOR -V;_,..

Defect Right Brane Defect Right Brane

7

Left Brane Left Brang . oo

7 Island surface
up]

7 ~.HM volime_™{ HM surface

(a) Volume between physical brane and HM surface. (b) Volume under island on physical brane.
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(a) Volume between
brane.

HM surface and right

£2=Volume added to ===~
" HM Volume

-

(b) Volume added to right brane after Page
time.
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CONCLUDING REMARKS

AT PAGE TRANSITION POINT, THE SUBREGION COMPLEXITIES GO

THROUGH A JUMP(RIGHT) OR DIP(LEFT) (CONSISTENT WITH PREVIOUS
STUDIES ABOUT EVAPORATING BHS).

THE DIVERGENCE-SUBTRACTED VOLUMES CORRESPONDING TO THE
LEFT BRANE AFTER PAGE TIME BECOMES CONSTANT, WHICH IS THE
VOL. BETWEEN THE ISLAND SURFACE AND THE LEFT BRANE.

FOR THE RIGHT BRANE, THE VOLUME INCREASES FOR EVER WITH A
JUMP AND INCREMENTAL GROWTH RATE AFTER PAGE TIME.
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EXTENSIONS: 1) TO COMPUTE VOLUMES FOR SUB-SYSTEMS OF
THE RADIATION SYSTEM TO CHECK HOW THE QUANTUM SECRET
IS SHARED BETWEEN PARTS OF RADIATION. (2109.07842,
JHEP 2021)

I1DTO UNDERSTAND THE EVENT OF AUTO-PURIFICATION DUE TO
THE APPEARANCE OF ISLANDS IN SIMPLE LATTICE MODELS BY
MIMICKING THE GUESS IN A MANIPULATIVE WAY.
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(a) Vacuum (b) Black string SOURCE: 2012.04671

ZERO TEMPERATURE AS WELL AS THERMAL BLACK STRING CONFIGURATION.

GRAVITATIONAL BATH - NO DIFFEO-INVARIANT WAY TO DIFFERENTIATE B/W
LOCAL D.O.F— DYNAMICAL RADIATION REGION (REMEMBER BOTH BRANES

CONTAIN GRAVITY)— NO SIMPLE TENSOR FACTORISATION OF HILBERT
SPACE IN GRAVITY .

* ONE BRANE IN BULK (NON-GRAVITATING BATH)- I)BCFT,. II)ASYMP ADS
CONNECTED TO D DIM CFT ON HALF- MINKOWSKI SPACE I11) EINSTEIN
GRAVITY ON ASYMP ADS ; | CONTAINING D DIM KR BRANE As EOW BRANE.
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NO EXPLICIT TIME DEPENDENCE IN THE LAGRANGIAN THUS WE CAN
WRITE THE CONSERVATION EQUATION,

0L h(u
e = S == n=1t ;)\/Ez + 12" Dh(u), WHERE THE SIGN IS
u _

+ WHEN U < U, AND — OTHERWISE.

THE CRITICAL POINT Ucrt UPTO WHICH WE SHOULD INTEGRATE THE

AREA IS DETERMINED BY THE RELATION, E* = — uczr(ii_d)h(ucrit).
Now AFE(ro ) = | ¥ [ il B
ow = lim | — —h(u
e BIFF: - a0l @22 L g ul) h(u)

FOR ISLAND SURFACES (CONSTANT), THE EMBEDDING FUNCTION IS
FOUND BY SOLVING WITH A TIMESLICE AND CONSIDERING U = u(i)
EMBEDDING.




u u
(b) 6 = 1.57/10. (c) 6 = 27/10.

Figure 3: Critical anchor at d = 4 for different values of physical (left) brane angle.

7}
(a) 6 = 7/10. (b) 6 = 1.57/10. (c) 0 = 2/10.

Figure 4: Critical anchor at d = 3 for different values of physical (left) brane angle.




'+ NON-TRIVIAL TRANSITION FROM ONE RT TO ANOTHER. LEFT MODES -
ETERNAL BH W/ NON-GRAV BATH , RIGHT MODES - RADIATION....

THIS PAGE CURVE EXISTS IN BOTH GRAVITATING AS WELL AS NON-
GRAV. BATH. SO, THE RIGHT BRANE CAN BE AT THE CONFORMAL

BOUNDARY OR AT A SMALL ANGLE (WEAKLY GRAVITATING.) IN THE
BULK WITH THE DEFECT.
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* ISLAND SURFACES CAN IN PRINCIPLE BE FOUND ON BOTH THE BRANES.

OPERATIONALLY, WE SHOOT GEODESICS FROM THE PHYSICAL LEFT BRANE TOWARDS
THE CONFORMAL BOUNDARY FROM VARIOUS POINTS ON THE BRANE. THE MINIMAL ONE

REACHING THE DEFECT POINT IS THE ISLAND GEODESIC, CORRESPONDING I/ VALUE IS
KNOWN AS CRITICAL ANCHOR.

CRITICAL ANCHOR IS MONOTONICALLY DECREASING FUNCTION OF BRANE ANGLE.

* PHYSICAL BRANE BEING AT A HIGHER ANGLE WILL HAVE MINIMAL ISLANDS.

e
. |\‘ () //
(Removed Region) \ 1 \ 4
\ /
\
\

KR Horizon -

0o
Defect (Removed Region)

Bath Brane

/
e
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Island Surface

Physical Brane

Island
Island Solutions

Hartman-Maldacena S S IN— >

SOURCE: 2012.04671 i
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SUB-REGION COMPLEXITY

V (?’RT(AAC))
SﬂfGN :

STATIC CASE - VOLUME BELOW THE RT SURFACE - (4, =

(ALISHAHIHA, 2015)

COVARIANT DEF. - FOR TIME-DEPENDENT CASES IS A COMBINATION OF
THE COMPLEXITY= VOLUME" PROPOSAL AND STATIC PROPOSAL .

(SWINGLE ET AL ,2018)

COVARIANT PROPOSAL OF SUBREGION VOLUME COMPLEXITY - LOOK
FOR CO-DIMENSION ONE BULK SLICES 2,(/),/) W/ BOUNDARY

0% , (1o, 1) = A(ty) U y(1y, 1)
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* AMONG INFINITE NUMBER OF SUCH HRT SLICES 2,, TAKE THE

ONE WITH THE MAXIMAL VOLUME- MAXIMAL VOLUME CAUCHY
SLICE OF THE EW

* EW- BULK DOMAIN OF DEPENDENCE, BOUNDED BY dZA(tO, f) -
BOILS DOWN TO ALISHAHIHA'S PROPOSAL IN A TIME-

INDEPENDENT SCENARIO - THE | DEPENDENCE OF 2,(fy,1) IS
NOT THERE.

. V(ZA (205 t))

CA (t) — MAXZA(fO,t)

COV




