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The fast life of
holographic mesons

with Aninda Sinha [arXiv:0802.nnnn]

(Also with David Mateos. Rowan Thomson. Andrei Starinets. . . .)
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Gauge/gravity duality provides simple tools to study
some strongly-coupled guage theories, e g..

Type llIb strings

onAdS, X s> <4ummp O74 7§(=4 Ugn\lfl:l)
with RR flux N super-yang-ills
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plasma Is of interest for RHIC and early universe cosmology

Theoretical tools to study such strongly-coupled
systems are very limited (e.g., nonexistent)

= =

Gauge/gravity duality provides simple tools to study
some strongly-coupled guage theories, e.g.,

. .Sugra
Type lIb sitrge |
on AdS, X §° amm) P=4=UN)
with RR 15’qu N super-Yang-Mills
C

limited to: large N. and large 't Hooft coupling
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QCD =4 SYM

confinement, conformal,
discrete spectrum, continuous spectrum,
scattering. . . .. no S-matrix, SUSY, .. ..

very different !!
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QCD r=4SYM

0 confinement, conformal,
i discrete spectrum, continuous spectrum,
scattering, . ... no S-matrix, SUSY, .. ..
very different !!
strongly-coupled plasma strongly-coupled plasma
[>T, .
of gluons & fundamental matter of gluons & adjoint matter
deconfined, screening, deconfined. screening.
finite corr. lengths, . .. finite corr. lengths, . ..
very similar !!
>>T. runs to weak coupling remains strongly-coupled
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Reality check? Is this more than hot air?

Karsch (hep-lat/0106019)

s m— — e —

3 flavour

I 2+1 flavour

I 2 flavour

I N=4 SYM ——-—

| (Gubser, Klebanov & Peet hep-th/9602135)
. - - .

1 2 3 TIT, *



“80% Is closer to 75% than 100%"
Strongly coupled QGP seems to be “conformal”, just above T.

-
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3 flavour
2+1 flavour
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“80% Is closer to 75% than 100%”

Strongly coupled QGP seems to be “conformal’, just above T.
LHC

-
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3 flavour
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Speed of sound:

0.40
035 -
Q.30 -
0.25
020 -
015
0.10 -
005 -

0.00 ' - : .
Q.5 1.0 15 20 23 3.0

- lattice studies show v<? rapidly approaches 1/3
—— Ideal gas or conformal value

) with €0 >~ 0.5 Ge\/;aéjjjm?’

1 1
irsa: 08030072 'U,g e l = 1 . 2 3
3 (1+¢



“80% Is closer to 75% than 100%"

Strongly coupled QGP seems to be “conformal”, just above T.
LHC
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Speed of sound:
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Elliptic flow: inferred from RHIC data

assumes Shear Viscosity n is very small!

Romatschke & Romatschke.
arXiv:0706.1922 [nuclth]) | secems to need: 4T /s ~ 1
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Elliptic flow: inferred from RHIC data

assumes Shear Viscosity n is very small!

Romatschke & Romatschke.

arXiv:0706.1522 [nucl-th])

seems to need: 4mwn/s ~ 1
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Elliptic flow: inferred from RHIC data

assumes Shear Viscosity n is very small!

Romatschke & Romatschke.
arXiv:0706.1922 [nuclth]) | secems to need: 4Tt /s ~ 1

Theoretical challenge:
both perturbative analytic
and computer techniques

fail for strong-coupling dynamics!
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Elliptic flow: inferred from RHIC data

assumes Shear Viscosity n is very small!

Romatschke & Romatschke.
arXiv:0706.1522 [nucl-th])

seems to need: 4mwn/s~ 1

universal result for all known
theories with gravity dual:

Ann/s =111

Kotvun, Son & Starinets; Buchel & Liu;

-----
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Motivation: “Quark Soup al dente”

AdS/CET does et give identical physics to QCD,
but may. be-useful to! study strongly coupled QGP
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Motivation: “Quark Soup al dente”

AdS/CFT does not grve ﬁdentlcal physics to QCD,
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Motivation: “Quark Soup al dente”

AdS/CFT does not grve Bdenticai physics to QCD,
but may. be useful to study strongbj coupled QGP
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Motivation: “Quark Soup al dente”

AdS/CFT does not grve b:ientlcai physics to QCD,
but may. beusefx.!l to etmfy stronghy coupled QGP
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‘leld theory overview:

N=2 SU(N_) super-Yang-Mills with (N:+1) hypermultiplets
fundamental -’ t-adjoint

adjoint fields: vector: (A4,)%, (¥1.2)%. (¢3)%
1 hyper: (61.2)%, (¥3.4)%

fundamental fields: N:massive hyper's “quarks”
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‘1eld theory overview:

N=2 SU(N,) super-Yang-Mills with (N:+1) hypermultiplets
fundamental J t-adjoint

adjoint fields: vector: (A4,)%, (¥12)%, (#3)% | N =4 SYM
1 hyper: (61.2)%. (¥3.4)% content

fundamental fields: N:massive hyper's “quarks”

& global U(N,)

« work in limit of large N. and large A but N; fixed
“quenched approximation™ N7/N. — 0




- note not a confining theory:
_ freequarks ~ ™4
‘mesons” (ff bound states) ~ mg/VA
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- note not a confining theory:
free quarks ~ My

‘mesons” (ff bound states) ~ mg/VA

Finite Temperature:

* low temperatures:
free quarks ~ mq — Am(T)
mesons (ffbound states) ~ my,/VA — Am/(T)
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- note not a confining theory:
_ freequarks ~ ™mq
‘mesons” (ff bound states) ~ mgy/VA

Finite Temperature:

* low temperatures:
free quarks ~ mq — Am(T)
mesons (ff bound states) ~ my/VA — Am/(T)
unusual dispersion relations: Ve < €
quasi-particle widths increase dramatically near v qax

- phase transiton: T ~ m,/VA (strong coupling!!)

» high temperatures:
NO quark or meson quasi-particles
“quarks dissolved In strongly coupled plasma”™ ruous



- note not a confining theory:
_ freequarks ~ ™4
“‘mesons” (ff bound states)

Finite Temperature:

* low temperatures:
free quarks

mesons ( ff bound state
Q >

“quarks dissolved in strongly coupled plasma”™ rueuus



Aharony, Fayyazuddin & Maldacena (hep-th/9806159 )

Karch & Katz (hep-th/0205236 )
dding flavour to AdS/ICFT
hb add N; probe D7-branes crain

AdS: boundary /

85

horizon
» —_— 0 --------------------------------------
Free quarks appear with mass:
. L

Mg = 5o



Aharony, Fayyazuddin & Maldacena (hep-th/98061359 )

Karch & Katz (hep-th/0205236 )
dding flavour to AdS/ICFT
h& add N; probe D7-branes
equator

AdS: boundary /

85

Mesons (f f bound states) dual to open string
w0z States supported by D7-brane

: : \ /
F TR \
RSP R O Q

pole



Gauge/gravity dictionary:

supergravity modes: huyy <= Tuw

D7-brane modes:
Al — J = Tr |[Pyp! + & Dy |
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Gauge/gravity dictionary:

supergravity modes: huyw < Tu

D7-brane modes:
AY — JP ~Tr [T,Eifmw = cb*‘Dﬂch’]

Probe approximation: N;:/N. — 0

Above construction does not take into account the
“gravitational” back-reaction of the D7-branes!

— considering large-N_ limit with N; fixed

(see, however: Burrington et al; Kirsch & Vaman;
rsa: 08030072 Casero, Nunez & Paredeswesis_ )



Kruczenski, Mateos, RCM and Winters

Mesons: (hep-th/0304032)

lowest lying open string states are excitations of the
massless modes on D7-brane: vector, scalars (& spinors)

— their dynamics is governed by usual worldvolume action:

1 8 /
Spr = —Gyr / 8¢ \/ — det (P[Glyp + 270/ F,p)
1
| P[CNAFAF
2(2??)59505"2/ [ A
free spectrum:

- expand action to second order In fluctuations
» solve linearized eq's of motion by separation of variables

Veff
X discrete
spectrum

L
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Gauge/gravity dictionary:

supergravity modes: huyy << Ty

D7-brane modes:
AY o JU~Tr [@mwﬂ' 4 dDiD“CDj]
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Gauge/gravity dictionary:

supergravity modes: huyy = T

D7-brane modes:
A — J = Tr [Py + o Dy |

Probe approximation: N;:/N. — 0

Above construction does not take into account the
“gravitational” back-reaction of the D7-branes!

— considering large-N_ limit with N; fixed

(see, however: Burrington et al; Kirsch & Vaman;
rsa; 08030072 Casero, Nunez & Paredege s )



Kruczenski, Mateos, RCM and Winters

Mesons: (hep-th/0304032)

lowest lying open string states are excitations of the
massless modes on D7-brane: vector, scalars (& spinors)

— their dynamics is governed by usual worldvolume action:

1 8 /
Sp7 = ~Gryroa / d8¢ \/ — det (P[Glyp + 27aF,p)
1
| P[C®IAFAF
2(2?1')595a"2f [ ity
free spectrum:

- expand action to second order In fluctuations
- solve linearized eq's of motion by separation of variables

Veff
X discrete

spectrum

-
irsa: 08030072 : : Page 79/148
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Kruczenski. Mateos. RCM and Winters
Meson spectrum: (hep-th/0304032)

M2(n,6) = 2L (n+ £+ 1)(n + £+ 2)

n =radial AdS quantum #
¢ =angular quantum # on S°= R-charge

massive supermultiplets with 8(£ + 1)bosons and fermions

B . Mmgap = 2\/§R— = 47

= 47—

\/ 912«’MN C VA
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Kruczenski. Mateos. RCM and Winters
Meson spectrum: (hep-th/0304032)

M2(n,6) = 2L (n+ £+ 1)(n + £+ 2)

n =radial AdS quantum #
¢ =angular quantum # on S°= R-charge

massive supermultiplets with 8(£ + 1)bosons and f
L m m
n——1: mQap=2\/§ﬁ=4ﬁ - :

Ar——=

\/ Q}Q’ZMN C 2
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Kruczenski. Mateos. RCM and Winters
Meson spectrum: (hep-th/0304032)

M2(n, ) = 2L (n + £+ 1)(n + £+ 2)

n =radial AdS quantum #
¢ =angular quantum # on S°= R-charge

massive supermultiplets with 8(£ + 1)bosons and f
L m m
w00 'l’ﬂgap=2\/§ﬁ=4ﬂ- 9 q

=

\/ Qi%MN C VA

Meson interactions:

Continue expansion of D7-brane action beyond 2"¢ order
- substitute © = ¢(z)v,, ,(r)Y,(2) and integrate out r and S°
2o’ 1

Lo 3o 2,9 - 2
eqg, L ~ —— (0 M~o o(0
9. Less 5 [(90)? + M2¢%] + = ——=0(86) +
e wte & o 3 J R
''''' large N 9636 = "L /N. mgqJ/Ne -



Kruczenski. Mateos. RCM and Winters
Meson spectrum: (hep-th/0304032)

M2(n,6) = 2L (n+ £+ 1)(n + £+ 2)

n =radial AdS quantum #
¢ =angular quantum # on S°= R-charge

massive supermultiplets with 8(£ + 1)bosons and f
L m m
=k : mQap=2\/§ﬁ=4ﬁ = 2

SE—

\/ 9%’MN C VA

Meson interactions:

Continue expansion of D7-brane action beyond 2"¢ order

- substitute ®© = ¢(z)v,, »(r)Y,(2) and integrate out r and S°

1 | 2ma’ 1 |
g, Lesy = —>[(86) +M?¢?| 4 ‘;"‘ W@(a¢>)2+...

L - -

agrees with 27a’ 1 x 3 j‘
Pirsa: 08030072 e g ~ — Mesonsstable
large N 96(06Y = "L \/Ne  mqv/Ne T~ 1/N



Witten; ...
Gauge/Gravity thermodynamics: e

Gauge theory thermodynamics = Black hole thermodynamics

* Replace SUSY D3-throat with throat of black D3-brane

» Wick rotate and use euclidean path integral techniges

Here extend these ideas to include
contributions of probe branes/fundamental matter
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Babington, Erdmenger, Evans, Guralnik & Kirsch [hep-th/03060138]
Mateos. RCM &Thomson [hep-th/0605046]. . . . . .

Gauge/Gravity thermodynamics with probe branes:
put D/7-probe In throat geometry of black D3-brane

SUSY embedding

. 3/ / T=0: “brane flat”

D39 raise T: horizon expands and increased gravity
SRS S pulls brane towards BH horizon

/ = £ /
Y Low T: tension supports brane;
. D7 remains outside BH horizon

Black hole embedding

L5325

High T: gravity overcomes tension;
D7 falls through BH horizon

Page 85/148
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Babington, Erdmenger, Evans, Guralnik & Kirsch [hep-th/0306018]

Gauge/Gravity thermodynamics with probe branes:
put D/7-probe In throat geometry of black D3-brane

_ T=0: “brane flat”
D?/ /

D3 ¢ raise T: horizon expands and increased gravity
e pulls brane towards BH horizon

/ = £ /
Y Low T: tension supports brane;
. D7 remains outside BH horizon

Black hole embedding Phase transitiont

/ i S /

High T: gravity overcomes tension;
D7 falls through BH horizon

Page 86/148
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physical properties of thermal —— minimizing free energy
system are multi-valued (euclidean brane action)

fixes physical configuration
y e / B ” pny | g
U ;;.,=0.952:;|

. Ny A2 / N /
~
~

linkowski
nbeddings |

P - 5
— =-0.0321 - =0.94%
NT [ Xo i

-0.0315

-0.032

/“*‘xr”‘/ /

0. 0.766 0 7¢ 0.77
. See also: N
BH embeddings Babington et al (hep-th306018)

.77 _ . L bl .. AL S AN A s

0.772
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Brane entropy:

s/ T
0.4;

0.375.

0.35}
0.325] 1storder phase transition

0.3}
3.2?5/

0.225;

| | — . T/mq
0.755 0.785 | W n._Frh
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Brane entropy:

r Transition temperature:
Tfun 5 mQ/Al/z ~ Mgap

s/ T3
0.4,

0.375!

0.35}
0.325] 1storder phase transition

0.3}

U.Z?E/

— U .25}
0.225!

B_F55 0.765 .72 | I
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Mateos, RCM &Thomson [hep-th/0701132]

Mesons in Motion: Ejaz. Faulkner. Liu, Rajagopal & Wiedemann [arXiv:0712.0590]

10 20 30 40 50 60

. T -
w(k)_..ﬂr[o I QAIkin
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Mateos, RCM &Thomson [hep-th/0701132]

Mesons in Motion: Bjaz. Faulkner. Liu. Rajagopal & Wiedemann [arXiv:0712.0590]

10 20 30 40 50 60

2
w(k’) i ﬂr[{) : Qﬂl'jkm
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Mateos, RCM &Thomson [hep-th/0701132]
Ejaz, Faulkner, Liu, Rajagopal & Wiedemann [arXiv:0712.0590]

Mesons in Motion:

25—

20

Ulim — Clocal — \/

10 | r-Rﬂ

10 20 30 40 50 60

2
w(k') = ﬂr[() I QAkain



Mateos, RCM &Thomson [hep-th/0701132]

Mesons in Motion: Ejaz, Faulkner, Liu, Rajagopal & Wiedemann [arXiv:0712.0590]

20 |
w 15 |
"
_ Ulim = Clocal = \/ _;}ﬁ
10 ' : r—
> Radial profile
10 | 2
0.6
Rir}
0.4 K Increasing
_ k> 0.2l
~J ]
[ E:i3g0§:) - A/‘[O | 211':[1':’51’1 | 93/148




Mateos, RCM &Thomson [hep-th/0701132]

Mesons in Motion: Ejaz, Faulkner, Liu, Rajagopal & Wiedemann [arXiv:0712.0590]

- o e N S A O P S =

20

Z = —io g
Ulim — Clocal — \/ _gtt
-

Radial profile

0.6
R{r}

0.4 K increasing

2
w(k) ot ﬂJ{) | 2;;&1_” =
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» holographic model shows ff bound states persist above i
and have interesting dispersion relation

- lattice QCD indicates heavy quark bound states persist above T,
diplee) - R —20 T,
Y (bb) : Tyissoc = 3.6 T,

Asakawa & Hatsuda [hep-1at/0308034]
Datta, Karsch. Petreczky & Wetzorke [hep-lat/'0312037]

In experiments (eg, RHIC or LHC), these bound states
are created with finite (possibly large) momenta.

Does “speed limit” apply to heavy quark states in QCD?

4
1'2 e = ! '—_I
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» holographic model shows ff bound states persist above i
and have interesting dispersion relation

- lattice QCD indicates heavy quark bound states persist above T,
J/’l:) ((_?C) : Tdissﬂc ~ 21 TC
Y (bb) : Tyissoc = 3.6 T,

Asakawa & Hatsuda [hep-1at/0308034]

o Datta, Karsch. Petreczky & Wetzorke [hep-lat/0312037]

Gy (M.T) 0.75 Tc
02— 1.5

]
L B i

J /1’s have finite width!

| but in Mink. phase, holographic mesons
0.1 are absolutely stable (for large N.)

|| N—% can we do better in AAS/CFT?
Pirsa: 08030072 | | ey Page 96/148
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Spectral functions: diagnostic for “meson dissociation”

x(w,q) = —2ImG"*(w,q)
g f diz et ([O(t, x), O(0)])

» simple poles in retarded correlator:

&2 - -
w —Q(q, a) +1iI'(q, a)
2AT

x(@) ~ (w—Q)2+17
“‘quasi-particle” if ' < ()

yield peaks:

» characteristic high “frequency” tail:

= A :
im (O(t.x) ©O(0)) = T +-- oy x ~ A (@ ~ ¥

(  Phrse-opgzsoy2—=()

3 I

G S’

O
|
L]



» holographic model shows ff bound states persist above 2
and have interesting dispersion relation

- lattice QCD indicates heavy quark bound states persist above T,
J/’U) ((_?C) ; Tdissac ety Tc
X (Eb) b [ (T

Asakawa & Hatsuda [hep-1at/0308034]
Datta. Karsch. Petreczky & Wetzorke [hep-lat/'0312037]

Y
- Gy (M.T) 0.75 Tc
) S e J/1’s have finite width!
| but in Mink. phase, holographic mesons
0.1 | are absolutely stable (for large N.)
PN can we do better in AAS/CFT?
Pirsa: 0803072 | ] h,__f,f-"' Page 98/148
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Spectral functions: diagnostic for “meson dissociation”

x(w,q) = —-2ImGE(w,q)
/d4$ e—iwt—l—in([O(t’ X), O(O)D

|

» simple poles in retarded correlator:

" S A
w —Q(g,a) +1iI'(g, a)

- 2AT
AN (w—Q)2+17

“‘quasi-particle” if ' < ()

yield peaks:

» characteristic high “frequency” tail:

lim (Ot %) 0(0)) = 7 —szp oy X e A — EE)D2

( tl;';rsa:-omé%o}e—.-{] Page 99/148




Spectral functions: diagnostic for “meson dissociation”

x(w,q) = —2ImGE(w,q)
/ diz e~ it ([O(t, x), O(0)])

8000, e hl-freq tail

Rt/

i 5000F
400G+ 4000¢

/
2000} 2000} //,/
1 2 3 1 : 5 1 xn = e 5 5
, discrete spectrum; continuous spectrum;
low temperature Mink. phase high temperature BH phase

Page 100/
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RCM. Rowan Thomson & Andrei Starinets [arXiv:0706.0162]

e
r_ subract off asymptotic tail: S P RS-
- nT 2 S
2 F f\lf ;Ncw‘ /—ln os
o
Y N xe=0.5
/ TR g
S, - S o~ '-';f'-"—':--‘!h ----- = 1
T 7 - .
-"'\ ‘\.\"\.._\‘ f Tt T ——
\ \'\ e ™ o
o N
A "\ “'.{c:fG - I ;f
-2': \ B Y- -7 » !
N s T
I \ 7
\ 7
-4 “ J
d.25 a.5 D.75 3 T 25 I.5 1. 75 P
» approaching phase transition, structure builds
» quasinormal frequencies approach real axis.

e I 1 mevrdetmarsrse T R ilasrstnerers s B4 Y4 D



Kobayashi. Mateos, Matsuura, RCM & Thomson [hep-th/0611099]
Mateos. Matsuura, RCM & Thomson [arXiv:0709.1223].. . . ..

Need an extra dial: "“Quark”™ density
D7-brane gauge field: A, «— J, ~ [7,57“11) + ®D,®

asymptotically (p—=):

n
Ar=p— T
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Kobayashi. Mateos, Matsuura, RCM & Thomson [hep-th/0611099]
Mateos. Matsuura. RCM & Thomson [arXiv:0709.1223].. . . ..

Need an extra dial: "Quark” density
D7-brane gauge field: A, < J, ~ W,.mw + D, P

asymptotically (p—=):

T
N

electric field lines can't end in empty
space; n, produces neck —>

BH embedding with tunable horizon
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Kobayashi. Mateos. Matsuura, RCM & Thomson [hep-th/0611099]

Need an extra dial: "Quark”™ density
D7-brane gauge field: A, < J, ~ [;E’mzp +PD,P

asymptotically (p—=):

n
N
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Kobayashi. Mateos. Matsuura, RCM & Thomson [hep-th/0611099]
Mateos. Matsuura. RCM & Thomson [arXiv:0709.1223].. . . ..

Need an extra dial: "Quark” density
D7-brane gauge field: A, «— J, ~ Wq«“w + ®D,®

asymptotically (p—=):

n
N

electric field lines can't end in empty
space; ng produces neck —>

BH embedding with tunable horizon
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Spectral functions:
Increasing n,, increases width of meson states

X
lﬂ'ﬁﬂﬁj nq=0 T
] =0.06 ——
2000  -015 —
1 =025 —
6000 -
2000 -
0 2 4 6 ® 1 2
at rest: g=0
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See also: Erdmenger, Kaminski & Rust [arXiv:0710.033]



Kobayashi. Mateos, Matsuura, RCM & Thomson [hep-th/0611099]

Need an extra dial: "Quark”™ density
D7-brane gauge field: A, < J, ~ [@EFW,{) + oD, ®

asymptotically (p—=):

n
N

electric field lines can't end in empty
space; n, produces neck —>

BH embedding with tunable horizon
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Spectral functions:
Increasing n,, increases width of meson states

X
10000 1 nq —
j =006 —
S —
] =025 —
6000 -
4000 -
2000 -
0 2 4
at rest: g=0
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See also: Erdmenger. Kaminski & Rust [arXiv:0710.033]



Spectral functions: (ng = 0.29)

introduce nonvanishing momentum

q=50
a
4000 -
3000 -
2000
| 1000 -
0246 81012 40 45 50 55 60
q=100 q=140
i a
4000 - —
3000 - S
2000 ¢ 2000 -
1000 - | 1000 -
Pirsa: 080300720l: o 01,

90 95 10!} 1(}5 11{} 130 135 140 145 150
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Spectral functions:

4000
3000
2000

0246 81012

4000
3000
2000
1000

irsa: 08030072 0

P o

q=100

|

f

90

95 100 105 110

W

(ng = 0.25)

iIntroduce nonvanishing momentum

q=50

A

4000 -

3000
2000
1000

40 45 50 55 60

&

0'.. NS
130 135 140 145 150

q=140

|
4000 -
3000 :
2000 :
1000 -

@

#gge 110/148



Spectral functions: (ng = 0.29)

follow positions of peaks —
real part of quasiparticle frequency, Q(q)

Sy

-g

— ..-g -

[ —— T e s e e e o e e e

8
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Spectral functions:

(ng = 0.25)

introduce nonvanishing momentum

B
4000 :
3000 :
2000 E

q=0
1000 -

.3 M

024681012
q=100

W

2000 :
1000 :

Pirsa: 08030072

| 90 95 100105110

=l

&

=50

2 |

4000 -
3000 -
2000 :
1000 -
40 45 50 35 60

3000
2000

1000

0

130

Lk o

q=140

a
4000 ;

E
E
E
E
E
E
=_

135 140 145 150

@
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Spectral functions: (ng = 0.29)
iIntroduce nonvanishing momentum
q=0 q=50
2| a
4000 ¢ 4000 :
3000 : 3000 -
2000 : 2000 :
1000 : L 1000 :
0246 81012 40 45 50 55 60
q=100 q=140
] a
4000 - 4000 -
3000 - 3000 :
2000 : 2000 -
1000 : | 1000 :
irsa: 08030072 0 | m 0 - ge 113/148
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Spectral functions: (ng = 0.29)

introduce nonvanishing momentum

q=0 q=50
A E
4000 ¢ 4000 ¢
3000 - 3000 :
2000 | 2000
1000 | i 1000 -
ﬁi— - Rl s Fow . Bas o0 0-...... el R . &j
0246 81012 40 45 50 55 60
q=100 x = 4w (w* — K?) q=140
a |
mE 4000 -
3000 ¢ f 3000 ¢
2000 - { 2000 -
1000 | 1000 :
irsa: 08030072 0 — m 0 . ‘pgge 114/148

90 95 100105110 130 135 140 145 150



Spectral functions: (ng = 0.295)

irsa:

follow positions of peaks —
a real part of quasiparticle frequency, Q(q)
100 -
et
e |
ot
[
40 - P
I #
~
=
() e~
0 20 40 60 80 100
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Spectral functions: (ng = 0.29)

follow positions of peaks —
o real part of quasiparticle frequency, Q(q)
100 -
0
60

“\\“\wm=amﬁ

20 (calculated for n,=0)

1 L A | . : - i . . : i . . . ! ) . i q
0 20 40 60 80 100

Quasiparticles obey same speed limit!



Spectral functions:

follow positions of peaks —
real part of quasiparticle frequency, Q(q)

Q _
— Q;(q) = viimq+a; + O(q =
= c.f. Ejaz et al [arXiv:0712.0590]
- Vi, =0.995
10 _
' Vi, = 0.651
5; - e Vim = 0.343

(calculated for n,=0)

0 ------------------- I L L ’ I .q q
0 2 4 6 8 10 12

Quasiparticles obey same speed limit!



follow widths of peaks —
imaginary part of quasiparticle frequency, (q)

Log[I/T] . Yo — 980N ——— :
| 1 = _651 —— | | |
X L ! '
z r | I = .343 i I g !
[ ey A = ! !
>0" Y & = .651 ! |
G | ! | I
. &' |%‘§ = | !
1.5 o ® | | . , I |
- =.04 Lo = 01
- Y ® 1 {20
1.0 -
0.5
1 | :2; 4 Log[q+1]
_0.5 B f |
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Estimate widths:

2AT X
) x(@) (w—Q)2+T17 P \/
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follow widths of peaks —
iImaginary part of quasiparticle frequency, [(q)

Log[T/T ] < Vo — 95— -
[ | | = 651 ce— | g !
- | | | |
25+ L = 343 — s .
L | I | . | I
0" Y & = .651 ! I
T F I i | I
r ®! l%{';- = (& t !
1.5 :_ .T | N I |
S =04 Lo = 01
- ® Y20
1.0 - | |
1) solid curves
0.5 |
: S 2 4 Logfq+1]
—-0.5 N Z |
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Estimate widths:

2AT X
1) X(MJ)N(“}_Q)Q_FI‘Q E i FNJ_ =

4 X
oma=QEST  s=(1-7) Te iz
~ (.3249 o I
= O x(w)
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follow widths of peaks —
Imaginary part of quasiparticle frequency, (q)

Log[T/T ] = . — A — =
| o = 6951 —— = o
- | !
25t . = 343 — O
L | | | i | i
20" Y & = .651 ! |
— F I i I I
. ®! t%;— = .03 ! |
1.5 - . .T | | . f » I I*I
F o2 =04 50 = 01 o —
g & e .
1.0 B |
_ | 1) solid curves
e | '12) points h
i 1 | 2 4 Log[q+1]

—05 I 1§
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Estimate widths:

2AT X
1) X(J)N(“)_Q)E_Jr_I‘Q =_ FN\/_ -

4 i x(w

W= R “’=(1—\/;g) ===
~ 0.3249 o ' \:iF

- 3 x(w)
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follow widths of peaks —
iImaginary part of quasiparticle frequency, (q)

Log[T/T ] . . — 90— '
| i = 651 —— il
- | |
25+ C = 343 — e B
: ] me— | ]
Z0r | ) | 1 I
- ®! r%‘é— = .03 ! !
1.5 2 . .T | | L. : . I rl
- 9 ® 1 $20 29
1.0 - ]
' 1R 1) solid curves
e | '12) points h
; 1 2, 4 Log[q+1]

—0S5*-
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follow widths of peaks —
imaginary part of quasiparticle frequency, [(q)

Log[T/T ] < Vi, = .999 — =
_ | | —§ | —— | g !
| ! I g !
25+t 1 = 343 — s
1 I | | — I g |
>0°" Y & = .651 ! |
=L | ) | l
r ®! e — 03 ! I
1.5 - ._f | Ry _ I |
- =04 & =01 Lo — o1
1.0 - ® . _ /
| widths rise dramatically ™= /d
] as approach v;;,,
| o i ! ‘
[ 1 | 2, 4 Log[q+1]
-0.5 - —
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examine Schrodinger potential for quasinormal modes

k7]

=l
»
«
4]

L "_'l' L L L
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Quasiparticles limited to maximum momentum g,
(define q,,., as value where V_x has inflection point)

250 -
. ng=00001 ——
200 1 =00005 —
: =025 ——
150 -
100 -
50 -
_ T
M

0.2 04 0.6 .
continuous curves fit with form: Iiz exp(—8zx) ™

!
Ef
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examine Schrodinger potential for quasinormal modes

k <] mlzlzl=]
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examine Schrodinger potential for quasinormal modes

k —— —|tj|zlz] ]
500 |
: )
400
300 |
200 [
100 [
y R~y 5 0 w ¥ w 0 p w w 0 v ® ¥ 0§ w w v 0§ w ¥ 0 w &
r 4 o 8 i0 12 14
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examine Schrodinger potential for quasinormal modes

k = |

100 ~

a0 L

0L

200

—

Pirsa: 08030072
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&

12 14+
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examine Schrodinger potential for quasinormal modes

k 3 MmEs=
400 }
300 } K -
200 }
100 }
o S e
2 4 5 3 10 17 14
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examine Schrodinger potential for quasinormal modes

k o1

100 ~

a0 L

o

20 |

»
(«

i

—

1 1 1 I | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Pirsa: 08030072
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examine Schrodinger potential for quasinormal modes

k ni=l=z|—
1000 L
00 L 8
o0 L
400
200 L
!
II|| I.II[IIIIIIIIII.IIIIIIII I

2 4 6 3 10 12 14
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examine Schrodinger potential for quasinormal modes

k -

100 ~

G

20 |

a0 L

«

—

Pirsa: 08030072
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14
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examine Schrodinger

kN

100 ~
g0 L

0L

20 L

potential for quasinormal modes

L

(«

—

1 1 1 =1 1 1 1 | - 1 1 1 1 1 [ 1 1 1 1 1 1 I 1 1 1 1 1

2 3
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Quasiparticles limited to maximum momentum g,
(define q,,., as value where V_« has inflection point)

250 -
: ng=00001 ——
200 - =0.0005 ——
: =025 ——
150 -
100 -
50 -
i S  ;
= 0.4 0.6 08 M

irsa: 08030072

continuous curves fit with form: Iiz exp(—8x) ™



Flattening spectral functions with increasing momentum:

1) widths grow
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Quasiparticles limited to maximum momentum g,
(define q,,., as value where V_x has inflection point)

200 -00005 —
150 -
100 -

50 -

R B
0.2 04 0.6 0.8

continuous curves fit with form: Il—z exp(—8z) ™

S
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Flattening spectral functions with increasing momentum:

1) widths grow
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Quasiparticles limited to maximum momentum g,
(define q,,,., as value where V_« has inflection point)

250
: ng=0.0001 —
200 - =00000 —
f =025 —
150 -
100 -
50 -
_ - )
e s o —
0.2 0.4 0.6 08 M

irsa: 08030072

continuous curves fit with form: I% exp(—8x)
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Flattening spectral functions with increasing momentum:

1) widths grow
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Flattening spectral functions with increasing momentum:

1) widths grow

2) poles are crowding in on each other
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0, -0
Logl——
1-'2 +1"1

1.0.—

1

0.8~
0.6 -

I &
02" §+
] : : 1 I ! . I . L X I ! ' 1 ] L L ]—_ﬂg[q.'_ ]_]
0.2 04 0.6 0.8 1.0 -2

-02t
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a—19
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follow widths of peaks —
imaginary part of quasiparticle frequency, (q)

Log[T/T ] - V. — O ———— =
| ! r = 5] — | g !
| I I | |
25¢ . = 343 — N B
| ] s — | ]
~ O | ) | | I
5 %! o — 08 . :
1.5 - .T l | L. , I |
- =04 2o — 01 =0
10- @ 2
0.5
: 1 2, 4 Log[qg+1]
—-05*t —
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Flattening spectral functions with increasing momentum:

1) widths grow
2) poles are crowding in on each other

3) residues decrease

24 2AT
X\ (w—Q)%2+17

irsa: 08030072 Page 146/148
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Conclusions/Outlook:

« D3/D7 system: interesting framework to study quark/meson
contributions to strongly-coupled nonAbelian plasma

- first order phase transition appears as universal feature of
holographic theories with fundamental matter (T:> T,)
—> how robust is this transition?

» “speed Imit” universal for holographic theories

4
12 e T

lim
—— extended excitations? QCD??

* quasiparticle widths increase dramatically with momentum
——s more analytic control; quasinormal spectrum
—> find @max In present holographic model
o> UNIVErsal behaviour? real world effect? (INVESTIGATING)




