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Motivation and |ntroduction

Whg is 1t imPortant to studg the stronglg couP]eA systems?

== The nature has many éxamples of stronglg couplecl sgstems:

QGF, l’ngh:r suPerconcJuctors) big bang
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f Motivation and |ntroduction

Whg is 1t imPortant to studg the stronglg couP]e& systems?

== The nature has many éxamples of stronglg couplecl sgstems:

QGF, l’ngh»-T suPerconductors) big bang

—> Traclitional tools (Per’turbation theorg, ]~QCD> break down
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Motivation and |ntroduction

Whg is 1t imPortant to studg the stronglg couP]c& systems?

== Thc—‘: nature has many Cxamples of stronglg coupléé sgstems:

QGF, high:r suPerconductors) big bang

—> Traditional tools (Per’turbation theorg, 1~QCD> break down

— T he Nd S has built a bridge between Problems from the
Quantum world and methods from (General Re]ativitg.
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P roaches to studg the dgnamics’:’
& What is the role of lwo]ographg?
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Motivation and |ntroduction
What are the ap roaches to stucly the dynamics?
& What is the role of holography?

1 ~Small excitations of a uniform static system:

— (ollective moées/QN Ms (in Asgmp»%\dfj are the Poles of

retarded Grc:en’s function of dual oPerators

— | inearized " instein |~ oMs gorgauge invariant Per‘curbations
identifies the c}ispersion relation w(k) =7
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Motivation and |ntroduction
What are the ap roaches to studg the dgnamics?
& What is the role of holographg?

1 ~Small excitations of a uniform static system:

— (ollective modes/QN Ms (in Asgmfy/\clﬁ are the Poles of

retarded Green’s function of dual oPerators

— | inearized " instein |~ oMs gorgaugc invariant Per‘curbations
identifies the c}ispérsion relation w(k) =7

Z-f:u” time evolution of a given initial comciguration

= So]ving the time Acpendent I instein | oMs

= reading the data corresponds to the dual |7 T from

near bounéarg expansionaike ] ~Pt gunctions>
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Gravity Setup Oitonon-C T T

S

APPFOBC!’]CS:
]~ TOP»-CJOWF!: (cxamp]e: deform N s 45YM to N = Z*)

Z~BOttOm~UP: (a bit of @ngin@@:’ing}
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Gravitg Setup dual to non |

APProaches:
- TOP~dOWﬂ: (examp]e: deform N = 45YM to N = Z*)

Z_~BOttOm~UP: (a bit of éngineéring>
i Assuming ACJS/CFT works

— Model the gravitytmatter with a Potential \/((p)

— We m39 choose \/( ) such that it reprocluces the

}1 SICS o1C interest

ke < QCD o istor 2nd order Phase transitions)
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Gravitg Setup dual to non |

B

d—A
Thc—: simplest sctup dual to Lopr + A <0y >

- 1 d+1 o o
s_mmd+1 / d4z+/|g| {R 28”¢8<;b V(o)

Guhser, Ne”ore ’08 & Gursoy, Kiritsis, Mazzanti, Nitti 09
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Gravity Sctup dual to non-C T T

d—A
The sim!:)]est sctup dual to LopT +A <0y >

1

1
e d+1 i B
S — o [ a2/ {R 8,606 — V(6)

Gubser, Ne”ore '08 & Gursog, Kiritsis) Mazzanti, Nitti 09

= b Potentia] has a genera] form:

V($) = —d(d — 1) cosh(v¢) + ba¢p® + bao*

2
~—dd-1)+ ¢+ 0¢!), m’=AA-d)
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Gravity Setup dual to non |

B

T he first step: what are the static black hole (o solutions
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Gravitg Setup dual to non-C T T

The first step: what are the static black hole &

[ >0) solutions

— [Tor arbitrarg Poterztial one needs numerica

tools
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Gravitg Sctup dual to non |

Thc—: first step: what are the static black hole (o solutions

— T or arbitrarg Potential one needs numerical tools

—> Spcc‘cral Chebgshev Polgnomials along radial coordinate
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Gravitg Setup dual to non |

B

Thc—: first step: what are the static black hole (o solutions
P

— T or arbitrarg Potential one needs numerical tools

—> Spec‘cral Chebgshev Polgnomials along radial coordinate

— \We are interested in B flat Eackground with fixed

sources < Aat different teml:)eraturcs (corresponding to @14)
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Gravitg Sctup dual to non-C T T

T he first step: what are the static black hole (]

0 solutions

— T or arbitrarg Potential one needs numerica

tools

—> 5Pectral Chcbgshev Polgnomials a]ong radial coordinate

— We are interested in [T | s in Hat background with fixed

SOUrces < Aat different teml:)eraturcs (corresponding to @14)

—>Tiquation of State: s(T) , 1)

C.2 = = (ds/dT) ™"

S
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| inearized Gravitg (QN Ms)

ONM equations: linearized [ instein equations (8D, ~ e i@tk (1))
EOM<guv +& hu\n(P"‘"g ¢>:EOM<guv:(P>+E QNMeqs |
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| inearized Gravitg (QN Ms)
New features in non-(_[7 | cases:

—>5ign for bubble formation in 1st order Phase transitions!
JamikJ Jankowski) T'LS) FRL 16

- Dgnamica] instabi]itg: o thermodgnamica”g stable black hole
KA AY suffers an unstable non»-hgdro mode!

Janik) Jan](owski) rﬂsj FRL 16
Gursoyj Jansen , Wilke ,FRD 1 6

B Crossing between hgdro and non]ﬂgdro modes!

(limits aPPlicabi]itg of hgclrodgnamics) Janik, Jankowski, HS, JHE P16, ..

—>Joim’ng modes: H?dro modes and nonhgcﬂro modes might
be in&istinguishab el ek el e

- eyt T,
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Dgnamics of 1st order

P}“IBSC transition







Ion

|

)
b
48
&k
3
»)
2 L)
& {0
X A
D
O
s
ot
e
£
Vp

i

f

9ﬂ8mlCS O

ints

| Po'

ica

/

ome teclm




z

addhses

Dgnamics of ist order Phase transition

Some technical Points:
Metric Ansatz (in Tic}c!ington‘«f:inkeistein): SaaU e e

2dtdu

det = A(u,z.t)dt’ —

— 2B(u, z,t) dtdz + S(u, z,t)* [H(u, z,t) dz® + H(u,z, t)_ldy2]

Commenets:

5 | ime integration: Rungc~Kutta and Acﬂam&ﬁash{oﬁ:h methods
— Fropc—:r bourx&arg conditions at AAdS and at the apparent horizon

: —>Holo raphic renormalization: <T,">, <O >
S ! -

— \Ward identities: <Ti;> = <O(p > Vi <Tﬂ > =0
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Dynamics of ist order P%asc transition

: inhomogenous horizon
New static black hole. o S .

I Jias, Saﬁtos, V\/ag) A e
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Poost invariant expansion
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:_xpanding P]asma: Doost-invariant expansion as a simple model

.

2 = 2 ~ 2 =
The Phgsics of (d+1)-dim E dS = _dt _I_ dy _I_ dm‘!,
depends onl9 on T and
not rapidity Y. i=1,...,d-1

f — 7 coshy, y =T sinhy |
ds* = —dr? + 72 dy? + da?

Gl
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b \Ward identities: <Ti;> 5 <O(p > N <Tﬁ s ,-

—

:_xpanding P]asma: Doost-invariant expansion as a simple model

.

2 = 2 ~ 2 =
The Phgsics of (d+1)-dim E dS = _dt _I_ dy _I_ dm‘!,
depends only on T and ~ .
P Y — —_ :
not rapidity Y. i=1,...,d-1 L T COSh Y, Y T Slﬂh Y |

ds® = —dr* 4+ 74 dy° + dx?

—> Froper boun&arg conditions at /AVA\AS and at the apparent horizon

| — r“lolographic renormalization: < T"j > < Ocp >

Gl



wxpan&ing Plasma: Doost-invariant expansion as a simple'moctlél' |

| st Fotential in4]): Vi(¢) = —6cosh(¢/v3) —0.2¢%,

Janik, Jankowski) HS tcoon?













wxpan&ing Plasma: Doost-invariant expansion as a simple'moctlél' |

4 Z-ﬂCJ Fotential In 4"D: Vo(¢) = —6 cosh gb/\/ﬁ — 034
Janik, Jankowski) ]“‘]5) B
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§5ummar9

= Highcr QNMS introduce new instabilities in BHS

= bubblc {:ormation IS stu&icd (in stronglg coupled regime, with universal Properties)

— New black holes with homogenous sources but inhomogenous horizon

— [lasma Cxpansion (boost invariant flow) is studied and needs more....
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;5ummar9 future directions

= Higher QNMS introduce new instabilities in BHS

= BUIDIDIC {:ormation IS stu&icd (in stronglg coupled regime, with universal Properties)

— New black holes with homogenous sources but inhomogenous horizon

— [lasma Cxpansion (boost invariant flow) is studied and needs more....

— Ditferent dimensions (in Particular 31 gravitg + matter)
— ]nvestigating anisotropic Plasma

— (_ollision of bubbles in 1st order Phasci transition

——

=3 Using Probes: strings, Wiison linc/loop, 5

— New black holes: D Domain wall solutions to (iR
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| Dgnamics of 1st order P%as&: transition

Some technical Points:
Metric Ansatz (in Ticﬂéington%jinke]stcin): A T

i' 2dtd

| dor = Al zt)dt’ — - = o 2B(u,z,t) dtdx + X(u, ,t)* [H(u, z,t) dz® + H(u,z, t)_ldy2]
e : e

e T oMs: U5ing the new time derivative: L =0 - Taﬂ..

zj

0ud = Sy(S,H),  8y2B + p18,B + p2B = Sp(T, H, §)
0, (d\3) + p3d, X = Sy, x(%, H, ¢, B)

Ou(d H) +psd H = Sy (S, H, ¢, B,d, %)

0u(dy¢) + psdyd = Sq. (T, H, ¢, B,d, T, d . H)

. 8,2A+ peOyA = S(X,H,¢,B,d. %, d. H,d, )

!

i e adn g iy

Solve the cquations at t=0 and then one step forward
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