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These flux tubes are visible in numerical calculations on
discretized spacetime— lattice QCD

http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/



I the gatge/gravity cuality, we alse get a
‘QCD; string’, with a few Surprises:

Ihe string Is not fat but mmirtesimally thin
It accomplishies this by lIVing 1nrhigher dimensiens

It exists even innencenfining theokries



OVer the years, sthhngs have been found to efficiently
encode various interesting (expected & Unexpected)
PIEPEMESIORGUARKSINISHONGIVACOURIECTGalIGE
Cheores; meluading:

g-gbar petential, Wilsoniloeps; scattering amplitudes,
gluenic field proefile, radiation rate, drag/damping,
fluctuations, entanglement,...



Plan

Intro: Energy of Moving Quark
Gluenic Radlaien Vst Nearsheld

Based on:
CIAY Agen,; AG, iR Pedraza 1402,596 !

J.A. Garcia, AG, E.J. Pulido 1210.4175
C.A. Agon, AG; B.O: LLaries 11920)6)3510]0)5)
M. Chernicoff, AG, J.F. Pedraza 1106.4059
M. Chernicoff, J.A. Garcia, AG 0906.1592

0903.2047



Intro



Basic Setup

Conformql fiela t_heory_ —  Gravity theory on d +1
(CET)in d dimensions:  asymptot. anti-de Sitter (AdS)

\acuum <— Pure AdS

2
dsier = —dt’ +dx’ dss 7 = (Ej (—dt2 +dX* + dzz)

grav

Z

Poincare coordinates



Basic Setup

L —>

SU(N,) &% =4 Yang-Mills == [IB String Thy. on aAdS,
(MSYM)iinr3=+1 dim

R4
ﬂ’Eg\Z(M ¢ T L

4
Is

Work with N, >1 A>1 (easy regime on gravity side)



Quark with mass: M — String w/endpointat z, =0
[Karch, Katz]

i 44
27T,



Quark with: M = \/Z/Z?Z'Zm — String w/endpoint at Z, =20
[Karch, Katz]

We are coupling  2nd-guantized* gluenic (+etc.) fields
10 I'st-gquanitized* guark

| Dx(z)DA, (x ) exp (iS[A(X), X(2)])
saddle point —T T— carry out In full (=AdS)



Quark with: M = \/Z/Z?Z'Zm — String w/endpoint at' Z,, >0
[Karch, Katz]

We are coupling  2nd-guantized* gluenic (+etc.) fields
10 I'st-gquanitized* guark

Endpoint <> Quark , String <>Gluenic (+etc.) fiela
both intrinsic/‘near’ and radiative/ far’



Static Quark

Infinitely’ heavy Quark: = String w/endpoint at z=0
, VA
cg., (TP R+ ]) =———
1 3P2r ‘X‘
| Danielsson,Kruczenski,Keski-Vakkuri]

Coulombic profile (as expected by conformal invariance)



Static Quark

i “2( 7

[Hovdebo,Kruczenski,Mateos, Myers,Winters]

T Ge e s
< [ ] >q 327°|X {1+[2ﬂm‘x‘



Fat Quark

-Tr F*

width af ‘gluon;cloud’ for

VA

<Tr[F2(>'<’,t)]+...>

; — 5124 232
[Hovdebo,Kruczenski,Mateos, Myers,Winters] & \/Z




Fat Quark

Studying quarks withi finite mass Is interesting for various
[easons:

More realistic
Noenpointiike quark has nentE\Vial cayRnanmics

There exist nevv physical effects (e.g., damping,
fluctuations) that are only: visible at finite mass

On the gravity side, the string endpoeint in the Interior: of
AdS serves as'a usefuliprehe of UNZ IR Connection



Accelerating Quark

When a charge accelerates in vacuum, We expect It te
radiate; and experience damping ferce due te emitted
radiation




Accelerating Quark

FOr accelerating quark, string trails behind endpoint
l.e., guark has a ‘tail; and It Is; this tall that ENcCeGES

radiatGnFanNGENSHESPONSIPIENOIREGAMPINGREHEGRE
|Chernicoff,AG; Chernicoff,Garcia,AG]

(This same mechanismi IS responsible for drag
Force In thermal plasma

[Herzog,Karch,Kovtun,Kozcaz, Yatfe; Gubser |
(Related waork: [Casalderrey-Solana, Teaney])



Accelerating Quark

AT ot/

Va7 - s,

Forr accelerating guark, determine string embeadding
X(t,2) by extremizing Nambu-Goto+forcing action

—2;32 [da(X-X') XX +[deA, (x(5) 2

dr

SFl 7

gt dx” J
external 4-force: F, =y(f -V, T)=F




Accelerating Quark

(3

Vv - N,

Solution for arbitrary: (1) timelike quark trajectory X“(7)
N the case where guark Is infinitely, massive

X4(r.2) =2 2D L o)

dr _T
proper time

[Mikhailoy ]



Accelerating Quark

Soelution for arbitrary, (1) timelike guark trajectory: X(t)

X(t,z)=1 V() +X(t,)
J1-v(t, )’
1

t =7
J1-(t,)?

[Mikhailov |

+1

ret



Accelerating Quark

Solution for arbitrary, (1) timelike quark trajectory X (7)
dx”(7)

T

X4 (r,2)=%1 + X“(7)

[Mikhailoy ]

‘retarded” (or ‘purely outgoing’)

This selution'Is advanced’ (or ‘purely ingoing’)



Energy Split on Worldsheet

Using Mikhailev'siselutien, can rewrite total string energy...
dz z° [1+ 0, X }

03] o (0 + (0, X —(aX (2% ) +(aX-0.X




Energy Split on Worldsheet

. through a change of variabler Z >t |
z2=0
E(t) = I ph B ey g E
J T on ([L=ve)y 27z TRk

R i AT R TR K ek

radiated E_4 (Lienard!) E,=ym intrinsic
[Mikhailey] [Chernicoff,AG ]




Energy Split on Worldsheet

In covariant form,

Radiation dP“

Intrinsic guark 0% = mv* ad _ N 42,

moementum

5 ree OF 2 27

Moedified for [nrte guark mass (nenpointiike guark),
Where B.¢. for striing must ke enferced at Z=2_ :




Energy Split on Worldsheet

In covariant form,

Intrnsic guark

M
=MV
moementum p

q

JA

mv¥ ———F"* dp*

27rm rad __

ate

JA

Iu =
pq \/ ﬂ, F2 d,z-
A7z°m’

(F“ = external force)

2

Radiation dP“

rad

:\/Zaz

dr

Moedified for [nrte guark mass: (nenpointiike guark):

FZ

7

\

27T

V,U

v — VA 7
27rm°

A o

1— =
Ar’m®

[Chernicoff, Garcia, AG |

\

J



Bulk Calculation of Energy

There IS a second way. te'compute the energy. of the
system: use graviton field h P sourced Yy string in
GKPW: recipe

E(x) = <Too (X)>q 12K (54h00 (X, Z))

This yields spacetime distribution of energy, but a
prordoes not distinguish INtrinsIc Vs. radiative




Worldsheet vs. Bulk?

It IS natural te compare the results of the 2 approaches

Hatta, lancu; Mueller & Trantaiyllepeules used bulk
method to compute &(X) for an infinitely: massive
guark undergoing arbitrary motion

Surprise: In the far region, there are 1/r terms
BEYOND, these that reproduce the expected Lienara
rate of raciation!

Hatta et a/. hoticed these In fact seem similar to
INERNSIC energy.identified viaworldsheet
method by Chernicoff, Garcia & AG

But the latter result Is valid for finite mass, so to
make a clean comparisoen, must upgrade Hatta er a/.
to finite mass...



Gluonic Profile at Finite
Quark Mass



Energy Density at Finite Mass

&= +&Y

W —

&

JA

7 ; ~(t-t) +(X=X(t))" = ¢,
E'A&_Bz

87°

(2 VA
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B, = (><—>*<)i(x->'z)i(g+\71'\7j)-[(x—>'z)‘\7i]2
B, = 2(x—X)' (x—X),8'7; - 2(x-X)'%;| 4+3(x— %)’ |

B, =V | £+2(x-%)'4, |-2(x-%)'7;a'V,
8 (=R (=R, 09, ~[ (-7 ] |
2=—(X-X)"V,

B, =—(X=%)"V, -2, |1+ (x-%)"4,



..Which are In turn written in terms of auxiliary. (tilae)
variables related to the physical (nontilde) guark data
through:

. ’ d z
Proper time, dz = 4 Fﬂ52”F
J1-23F2 () ¥ Sl
H.ow 52y
Position X* =X“—va 2t
72
2 ¥ H
Velocity v = v -z, E Acceleration a“ =z_ ZnE v
J1-ZiF? \/1 Al
: S(E-F)F*
Jerk j“=2z FE“-z FE’a"+ n(E 4E)2E
1-z_ F
(. E)E? etc.
: 7 .
A A ) =R B
|: m(_ _) 1—2:1E2 :|



Energy Density at Finite Mass
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Constant velocity

0.00001

—0.00001
-20




An Oddity: Intrinsic Far Field

Can work out tetal pewer: at fixed emission time

far(t)—oIE th jd X 0,8(t, X)_df jd X0, (T"(t, %))

r r r

dt dt

= lim —%*[dQn' (T°(t,%)) = lim —%*[dQ &, (t, %)

Ko dr,

Ko dr,




An Oddity: Intrinsic Far Field

Can work out tetal pewer: at fixed emission time

Prar (1) = dEr thr jd X 0,6(t, X)_drr jd X 0, <T'°(t x)>
—1'2;‘0;7” Jdan <T‘°(W>>—1'LQ:—; X [dQ & (t.%)

Contribution from: &Y is found to exactly: match expected
rediation ratetirom worldsheet methoa:

/VO_ gL
D (1 ) \/7 2rm® | OdE,
far (t) p g LT 1 F
m 1_ FZ dT
\ 4722m4 )



An Oddity: Intrinsic Far Field

But contribution from &' is nonvanishing, so it must
representas 7z tall BN RINSICIH ORIIONIGIRthE
flalell
A { AL A=}

£6f ——&8+7 &V | —+

277 #1159 18 4

P&(t,) = 2

V

Structure similar (but not identical)) to intrnsic energy =
deduced from worldsheet




An Oddity: Intrinsic Far Field

But contribution from &' is nonvanishing, so it must
faoragane ek A= e in INTRINSLC oo rilen) o Eae
flalell

Vi, |1 A =]
270 %

P&(t,) =

——&8+7 &V | —+
9 18 4

2

V

Notice this can e ﬁegative: Y apprepriate tug on guark,
this poertion of the energy can flow INWARD! from Infinity




An Oddity: Intrinsic Far Field

Related to recent finding of Lewkoewycz and Maldacena,
Who; fer an infinitely: massive guark Uneaergeing

Uniferm acceleration, Neticea a discrepancy: hetween:
naive radiation' rate as' inferred from exact <TW> oc h,

q
exact Bremsstrahlung function B i E_ = 27zBJ'dt a’

|Correa,Henn,Maldacena,Sever]




An Oddity: Intrinsic Far Field

Related to recent finding of Lewkoewycz and Maldacena,
Who; fer an infinitely: massive guark Uneaergeing
Uniferm acceleration, Neticea a discrepancy: hetween:

naive radiation' rate as' inferred from exact <T,W>q oc h,

exact Bremsstrahlung function B i E_ = 27zBJ'dt a’

|Correa,Henn,Maldacena,Sever]
Difference due to intrinsic/near field contribution

Discrepancy. reselved upoen subtraction based on
expectation value of dimi d-2 scalar eperator:

T,->T,-—(V,V,-7,V°)0,,

MY (d=2)?

dr? d-1 hw [Fiol,Garolera, Lewkowycz;
d-1 i 2 LLewkowycz,Maldacena]
F( ; ) d-24r

B—



An Oddity: Intrinsic Far Field

Related to recent finding of Lewkoewycz and Maldacena,
fer an infinrtely, massive guark undergoing uniferm
acceleration

Our supergravity analysis'snows: that the discrepancy. Is
not just a feature of uniferms acceleration: It ISidue to
1/r= taul infintrnsic field, for generic motion

Their exact results show: that this effect Is not exclusive to
the strong coupling regime of the CET, and Is due te
scalar expectation’value



ER=EPR and Wormholes
on the Worldsheet



Poincaré AdS Causal Structure

Penrese adiagram: for
Peincare AdsS:




Poincaré AdS Causal Structure

HIMElkENPabISICIOSS
the horizon In finite
Proper time, but
Infinite Poincaré
time




Poincaré AdS Causal Structure

t=00
2=0 (r=owm)
Poincareé: time _ ,
at the EOINCEES
eundary WEGUGENS
corresponds glli?l(;trc])
to CRIT time _ :
MINKOWWSKY




Eternal AdS BH Causal Structure

Penrese diagram: for (maximal extension of) eternal
schwarzschildiblackihoeleiintAdsS (1=0):




Eternal AdS BH Causal Structure

Penrese diagram: for (maximal extension of) eternal
schwarzschildiblackehoeleinfAdsS (1=0):

THere IS new.
a second
EXLErIor:
region
(QAdS)




\We now have 2 noninteracting copies of our CET,
In the particular entangled state

‘W> : Ze‘EnlzT ‘ En>|_ ®‘ En>R [Israel; Maldacena;
n

Herzog,Sonj

\/'\VVVVWW W YWVWWWWWWAA




\We now have 2 noninteracting copies of our CET,
In the particular entangled state

‘W> ot Ze—EnIZT ‘ En>|_ ®‘ En>R [Israel; Maldacena;
n

Herzeg,Senj

I we trace this pure state over CET , we get the
expected thermal density matrix for CET -

pe=Tr () = Ze =" |E ),

WWe' can regard this as just a trick, with CET, an
auxiliary, fictitious system (“thermofield double™)
to describe thermal physics of CE T, In real time
(Schwinger-Keldysh fermalism)



But If we interpret this directly in terms of guantum states
on the gravity side, we see that entanglement Is
ojaoppeiriZel 1o 2 (plopltral/rsziole)) Wernle e

v)=2.e"""|E,) ®|E,),

VvV vY“WwwwwwwiyvywwwwwwWAA

Enir.anglemenfc sntropy.
= By prcro oY
= reTl of WOT hole



But If we interpret this directly in terms of guantum states
on the gravity side, we see that entanglement IS
geometrized INtEFANeNEVELSAIE) AVOHNMNGIES

IHt Ze |2Et EIZT‘E> ®‘En>R

ZVV VYVVWVWWWWVYWVWWIWWWV/WAA




But If we interpret this directly in terms of guantum states
on the gravity side, we see that entanglement IS
ojaoppeiriZel 1o 2 (plopltral/rsziole)) Wernle e

IHt‘w> Ze |2Et EIZT‘E> ®‘En>R

ZVV VYVVWVWWWWVYWVWWIWWWV/WAA

Entanglement
Grav,-Gravg

Entanglemen
Grav,-Gravg




ER=EPR

Maldacena and Susskind examinead various ether situatiens;
and highlighted a numiber of parallels between
entanglement (a la Einstein-Podolsky-Rosen) and
nontraversable Wormnoeles (Einstein-Resen bridges)

Conjecture: infa guantum theory: off gravity, 2
entangledsubsytemsi(even a single ERR pair)

are connected by a (generically highly.
guantim) \Woermnole [Maldacena, Susskind]

Related work: [Van Raamsdonk; Swingle]



Holographic EPR Pair

Jensen and Karch previded evidence for ER=EPR by
considering guark-antiguark pair i AdS/CET:

Quark-Antiguark inrvacuum, = U-shaped string In pure AdS

Color singlet, therefore entangled



Pair In Uniform Acceleration

ralllld -

Jensen anad Karch considered case Where guark and
antiguark underge hack-te-hack tniferm acceleration,

)= Va?+t?,  x (6)=va?+t’




Pair In Uniform Acceleration

ralllld -

The dual string Is'knewn to simply take the shape of a
ShrnKING/grewing semicircle,
X (t, Z) = i\/a_z +t2 = 22 [Xiao]
anad nas a at
Zea
There Is a worldsheet BH, even though ne spacetime BH




Jensen and Karch noticed that this implies that string dual
to accelerating 00 has a Wworldsheet wormhole!

Causal structure Is the same as In eterhal BH



Jensen and Karch noeticed that this implies that string dual
to accelerating g has a worldsheetwormhaole!

This prevides evidence fior ER=EPRI We see that
entanglement of a single pair in' CET Is geometrized
Into (worldsheet) wormhole in AdS side



and Karch emphasized need for permanent
| 'disconnection between guark and antiguarks

Left Right
Rindler Rindler
wedge wedge

| strlng IS nherlted o'n
that on spacetime



and Karch emphasized need for permanent
| 'disconnection between guark and antiguarks

Left Right
Rindler Rindler
wedge wedge

oit]e iformily, a %ed MOLIeNS
PR don’'t requir yi[0

What happensl for other motio q’\



For asympt. uniformly accelerated motion, the guark
a antiguark can't influence one another
LI WY §  raf '

Left Right
RTIEIST Rindler
wedge wedge

REIALIONITO KO antigUaKK) 2




|solated Quark

Selution for arbitrary timelike quark trajectory X(t)

%(t,2)= 71—t g6t )
J1-v(t, )’

[Mikhailov |




Accelerating Quark-Antiguark

Xlaos SEIUHeRNeIFEN P AlIAISTASSEMIEaNY PaSHREOUEIEY
lplel el VErsIoRreRVIIKiialloVv:s
olutlon IeIISElatet glarkd [Garcia,AG,Pulido]




Accelerating Quark-Antiguark

Generalizing, we can construct an infinite class of
analytic quark-antiguark solutions, by pasting
together any

with any

[Chernicoff,AG,Pedraza]




This includes all' selutions envisiened by Jensen and Karch,
Where guark and antiguark:asymptote to uniferm
acceleration BOTH In the past and in the future. E.g.

AsS expected, we get a worlasheet wormhole, inheritea
from spacetime causal structure



BUt oL analytic selutions also Include cases where the

quark doesn't accelerate uniformly in the future Jr]J/JI‘
'rne, antiguark: doesn t accte rate uniformly in rn@ [9ES]

L_

\.JJ!

Left Right
Rindler Rindler
wedge wedge



But our analytic selutions alse include cases where the
guark deesn’t accelerate uniformly in the future, and/or
the antiquark doesn’'t accelerate unifermly in the past.

Now, signals CAN travel from antiguark to quark in CET,
put we still'get a wermhole on the string worldsheet



One can examine many other examples: pair production,
asymptotically nenforced, rotating, escillating, etec.

Bottom line:

VNV ENTEHAMVOIIGSHEET
WoRMHGIENGREhE
pPalliFhaGiates

Inthe N.>1 A>1
fegime; pair
EMILS radiation
I It DECOMES
unboeund




A good example IS to start with the pair at rest




A good example Is to start with the pair at rest, move the
guark & antiguark apart, injecting enough energy. to
unbind them, and then held them still again

A double-sided werldsheet herzen (BH) appears, associated
WIthrenergy: 10ss via gluenic radiation [Chernicoff, AG ]

S0 We see that a Wormhoele can form on string even when
therguarkeanciantiguarkeremainini@rdirectional)
calisalfcontactinitheschHl

String wormhole signifies that guark can't signal antiguark
Vialpertlnhationsieirtherrgliionic iield (gitenic HieldNs
a nonlinear medium, and gives rise to refraction index)



Holographic Pairs: L.essons for ER=EPR

Worldsheet woermholes: (always nontraversable) appear
not only for uniform acceleration, but fer rather Generic
trajecteres —consistent With ER=EPR

Woermhole forms Iff raciation is emitted by, the pair

Our system IS then much moere complicated than a pair!
(Analegeus te spin-entangled e*e: which emit photons)




Holographic Pairs: Lessons for ER=EPR

Worldsheet woermholes: (always nontraversable) appear
not only for uniform acceleration, but fer rather Generic
trajecteres —consistent With ER=EPR

Woermhole forms Iff raciation is emitted by, the pair

Our system IS then much moere complicated than a pair!
(Analegoeus te spin-entangled e*e: which emit photons)




Holographic Pairs: Lessons for ER=EPR

Worldsheet woermholes: (always nontraversable) appear
not only for uniform acceleration, but fer rather Generic
trajecteres —consistent With ER=EPR

Woermhole forms Iff raciation is emitted by, the pair
Our system IS then much more complicated than a pair!

Noewoermhnoelel palr remains vound (e.q., static), even
theugh there IS entanglement: Witheut radiation, there's
po INTRINSUC saezireition of kpe el (fiio) Stosysianms




Holographic Pairs: Lessons for ER=EPR

Worldsheet woermholes: (always nontraversable) appear
not only for uniform acceleration, but fer rather Generic
trajecteres —consistent With ER=EPR

Woermhole forms Iff raciation is emitted by, the pair
Our system IS then much more complicated than a pair!

Noewoermhnoelel palr remains vound (e.q., static), even
theugh there IS entanglement: Witheut radiation, there's
po INTRINSUC saezireition of kpe el (fiio) Stosysianms

This is worldsheet analog of spacetime w/o BH

(e.q., pure AdS, or Minkowski): there IS entanglement
petween adjacent regions; but ne INTRINSIC
separation

(Equivalently, the only ‘woermhele’ Is that between
causal development of arbitrarily selected regions)



Holographic Pairs: Lessons for ER=EPR

Worldsheet woermholes: (always nontraversable) appear
not only for uniform acceleration, but fer rather Generic
trajecteres —consistent With ER=EPR

Woermhole forms Iff raciation is emitted by, the pair
Our system IS then much more complicated than a pair!

Noewoermhnoelel palr remains vound (e.q., static), even
theugh there IS entanglement: Witheut radiation, there's
po INTRINSUC saezireition of kpe el (fiio) Stosysianms

Whether sting endpeintsiare in calisal Contact across
spacetime’isi DISTINCT firom contact aleng string

(signals/acress spacetime Vs. fluctuations in gluenic field
jointly seurcead by guark and antiguark)



Holographic Pairs: L.essons for ER=EPR

Notice this gives us a hetter understanding of what
ER=EPR means in the context of the hoelographic

COrrespenadence:
Maldacena-Susskind
Entanglement in Gravity. Woermhoele
@&
AdS/CET 3@06@

Entanglement in CET 27



Holographic Pairs: L.essons for ER=EPR

Notice this gives us a hetter understanding of what
ER=EPR means in the context of the hoelographic

Correspoendence:
Maldacena-Susskind
Entanglement in Gravity. Woermhoele
AdS/CET AdS/CET
Entanglement in CET Gluonic Waormhole

(refraction index: allows
correlations but no signaling)
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