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Strong field physics in Condensed matter and Nuclear physics
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Strong field physics in Condensed matter and Nuclear physics

pump probe exp.

A pump e Ek
% At pulse o

probe ,
pulse VYRR
/ //
.///'///’
’:’l'/AZ/
o THz laser pulses
S 1or .
2T /\ 02 |
S 9 01}
T ool
< @ \-.__/ \// % o1 |
-2 -1 0 1 2 E’ 02 F
~_Time (ps) N
Hirori, Tanaka et al. Nat. Com. 2011 03T
04 b
Takashi Oka 0 02 04 06 08 1



Strong field physics in Condensed matter and Nuclear physics

Interesting problems

Laser induced metallization

Excitation
« doublon-hole production
 lattice distortion/phonon oscillation
Relaxation
Gapped: exponentionally slow relaxation

Trelax ™ €

Gapless: fast relaxation

Trelax ™ l/POI(le WQ, .. )

W.: parameters
(coupling const., temperature,..)

Quark gluon plasma (QGP)

« Schwinger mechanism
(quark-antiquark pair production)
« Deconfinement transition of gluons

Above threshold: fast thermalization
—» hydrodynamic system

[\

“temperature”, “current”,...



“distance” from equilibrium

o

Relaxation (electron dynamics)

el-el scattering

laser

Excitation
Fermi’s golden rule
Landau-Zener tunneling
Floquet state
negative temperature

10

prethermalization  nonthermal fixed point ~ dynamical phase transtion

doublon decay

Relaxation (electron + phonon)
Franck-Condon

el-ph scattering
coherent phonon e T\\/
lattice distortion N\ metastable

] 2 3 4
time [ 1] 10 10 10

Aoki, Tsuiji, Eckstein, Kollar, Oka, Werner RMP to appear
MEFHEA R DIEFEHIE I B AYEF RIS, 20125485



Pump-probe technique

Time resolved ARPES (angle resolved photo emission spectroscopy)

data from N. Gedik (MIT)

IE, K, k, t<0)

-4.25 ps

Wang et al. ... N. Gedik Phys. Rev. Lett. 109, 127401 (2012)
Gedik@MIT group Difference Movie



“distance” from equilibrium

[
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laser

RElaxation (electron dynamigsdki, Tsuji, Eckstein, Kollar, Oka, Werner RMP to appear

prethermalization = nonthermal fixed point ~ dynamical phase transtion
S ——

el-el scattering

doublon decay
VA W(m
—
I — Relaxation (electron + phonon)
A _ Franck-Condon
Fermi’s golden rule el-ph scattering
Landau-Zener tunneling coherent phonon A TW
[Floquet state | . . .
negative temperature lattice distortion N\ metastable
coherent'regime . , | D 3 | - o
_ 4
10 time [ 1] 10 10 10

Floquet state = electron + rphoton

<——— Topology can be changed! Oka Aoki ‘09

Wang et al. ... Science ‘13



“distance” from equilibrium
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el-el scattering
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“distance” from equilibrium
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laser

el-el scattering

Excitation
Fermi’s golden rule
Landau-Zener tunng
Floquet state
negative temperatur

Relaxation (electron dynamigsdki, Tsuji, Eckstein, Kollar, Oka, Werner RMP to appear

prethermalization = nonthermal fixed point ~ dynamical phase transtion

doublon decay
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Wang et al. Gedik group PRL 2012
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“distance” from equilibrium
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ANy (0.5eV) [an] —
oo

el-el scattering

laser

Relaxation (electron dYIlamiQSéki, Tsuji, Eckstein, Kollar, Oka, Werner RMP to appear
prethermalization = nonthermal fixed point ~ dynamical phase transtion

doublon decay
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Sensarma et al., Eckstein et al., Tsuji et al. (SC phase)
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“distance” from equilibrium
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laser

Relaxation (electron dynamigsdki_Tsuji, Eckstein, Kollar, Oka, Werner RMP to appear

el-el scattering . ) . :
prethermalization | nonthermal fixed point | dynamical phase transtion

N@ublon decay
—
e Relaxation (electron + phpnon
Excitation ( _ ) Franck-Condon
Fermi’s golden rule el-ph scattering
Landau-Zener tunneling coherent phonon A TW
Floquet state . . :
negative temperature lattice distorftion N\ metastable
! L L —
) 2 3 4
10 time [ 1] 10 10 10
Big challenge

Is a transient ordered phase possible?

Ferromagnet Yes (exp: Takubo et al. PRL '05)
transient SC  (Tsuji et al. PRL "13)
Haldane-AKLT phase (Takayoshi-Sato-Oka ‘'14)

Must redo the theory of phase transitions
RG, fixed point,...



Classic case

Quench problem

condition A condition B



Classic case

Phase A Phase B
condition A LUIIUIUIUIL D condition B
Free energy
F' = agyrfacem — Ei'l:aulk'i'"2
thermal fluct. Production rate of B

| radius of B

P o e Bs/T




Quantum case

slow Quench problem

condition A condition B

W) ) = HOM)D)  |Wp)



Quantum case
A Spec of H($)

Phase A

condition A o(1) ' condition B

W) Vp)



Quantum case

Spec of H(¢)

—.../-\—"_\_/\
ase B
\__—\___',..-—-\_,/'\ ?

idition B
- Parameter :
=0 IB>

T (1)
W) = cplUp) + ancn]\lin)

p(t) = [W(t)) (U (2)]

= diag(|cp|?, |c1]?, [eaf, . . ) +terms like e FiEilcre,

distribution ~ “thermal state”?



Examples

A B excitation
Schwinger mechanism ;.o aior Noneq. steady state in £field  charge pair
(Zener breakdown) (if exists)
Kibble-Zurek normal superfluid VoIS

(broken U(1))

Takayoshi-Aoki-Oka '13  Haldane-AKLT state : :
. . <—> spin polarized state ?
Takayoshi-Sato-Oka '14  (symmetry protected topological state) Pnp



Spec of H(®)

-
|

@ production rate

p

@ Full dynamics \/
Quantum walk = \
in energy space ; /\

Oka, Konno, Aoki: PRL (2005) >

two level approximation

o(1)

@ vacuum decay rate/ Euler-Heisenberg Lagrangian
(fidelity, Loschmidt echo)

=(t) = (0; A(t) [T~ BHCENE|0; g(0))e! EACE

- eiEVt

['=2ImL = > P

i=decay channel



B creaitl Schwinger mechanism (Zener breakdown)
-—0 Oo— " Spec of H(¢)
QED semiconductor En
Euler Heisenberg 1936, pchwinger 1951 Zener 1932

®

@ Brezin Itzykson 1970, Popov 1970
vacuum F(t) = FycosQt

-— =
Electric Field F @r

interacting model in £ield
Hubbard model (closed ring) Large VSUSY QCD (large gluon bath)

(1) transient steady state steady state  Karch O'Bannon (2007)

(1dim) Oka Aoki: PRL (2003), PRL(2005) .
(DMFT) Eckstein, Oka, Werner: PRL (2010) Nakamura 2010, Karch Sondhil(EEy

(Quantum Walk) Oka, Konno, Aoki: PRL (2005)

@ production rate of charge pairs @ production rate of charge pairs
(Bethe) Oka Aoki, 2010, [Oka 2012 Semenoff-Zarembo 2011
F(t) = FycosQt
(@ vacuum decay rate (@ vacuum decay rate/ Euler-Heisenberg Lagrangian
(1dim dmrg) Oka Aoki: PRL(2005) Hashimoto Oka 2013
@ + dynamics 7, = L
kT

“Exact Nonequilibrium Steady State of an Open Hubbard Chain”
(MPS + Liouville) Prosen PRL 2014



Euler-Heisenberg effective Lagrangian

““Consequences of Dirac‘s Theory of Positrons* (English translation in arXiv)
W. Heisenberg and H. Euler, Z. Physik 98, 714 (1936) also Weisskopf (1936)

W. Heisenberg ] .
Folgerungen aus der Diracschen Theorie des Positrons. H. Euler

Von W. Heisenberg und H. Euler in Leipzig.
Mit 2 Abbildungen. (Eingegangen am 22. Dezember 1935.)

Aus der Diracschen Theorie des Positrons folgt, da jedes elektromagmetische
Feld zur Pasrerzeugung neigt, eine Abianderung der Maxwellschen Gleichungen
des Vakuums, Diese Abdnderungen werden filr den speziellen Fall berechnet,
in dem keine wirklichen Elektronen und Positronen wvorhanden sind, und in
dem sich das TFeld auf Strecken der Compton-Wellenlinge nur wenig indert, .
Es ergibt sich fiir das Feld eine Lagrange-Funktion: (1909-1941)

C ectlve Lagranglan 08 ( IE-J R 4 244E Eﬁ]) + konj
E"iﬂﬂ!‘ﬂrjgfﬁiﬁ - Gl S
]
7 wﬁ( }{EB B+ m{&%;u)—lwm

et
[

= = (@B o

=0 —‘H

9
PG T @)

([f. B  Kraft auf das Elektron.
m2 gl 1 e
| = = —= - =
|Gl efi L187% (e2/m e?)?

Ihre Entwicklungsglieder fiir (gegen |E;|) kleine Felder beschreiben Prozesse

der Streuung von Licht an Licht, deren einfachstes bereits aus einer Btorungs-

rechnung bekannt ist, Filr grofie Felder sind die hier abgeleiteten Feldgleichungen

von den Max well schen sehr verschieden. Sie werden mit den von Born
vorgeschlagenen verglichen,

~Rritische Feldstirke® )



W. Heisenberg and H. Euler, Z. Physik 98, 714 (1936)

Dirac fermion I, = (i@ + eA — m)1

L(Apy) = —iIn(e™ A"y,
= —iInDet [id + eA — m| /Vol.

0 (N VW01 GEB) )
1 T c%(lffklle B 2![@55))+kﬂn]
:E—{E'ﬂﬂﬂj-fﬂj ﬂ'f}_a_"{t-r‘,. (€B). — e ——————

5 / o3 "l-(Eil }.Ei“- %"5-1-21(@ 23]) -kunj

]
+ Gt + T (B L'E‘z)}

m,n=0

imaginary part I e’ B m?
= electron-positron pair production rate R €XD [ e

el




Cross correlation in nonlinear optics

In Lorentz invariant material

D= 25061,0E+FCD,IE"I'ZEDCLIGE_'_\JECLIFB+4€OCQ.DFE+2FCO,2GB -
o Mo ' Ho

B B B
H= 2c1 g—— @COJE‘_261JG—_ iclleE—i—llEUCQ_oF——Q @CO,QGE, J- -
Mo N Ho o o\ Ho - Mo Ho

2
Lorentz invariants F' = (50]1—)2 — B) G = @(E - B)
Ho Fo
Arﬁ
E..w, Eg or BO E. .
AFvwwy AY Iwwrmmw T AWV
g k k
A7 Kerr effect X(S) X €20
. . . . Cotton Mouton effect
Dirac fermions show nontrivial nonlinear ME effect (birefringence induced by B)
Bj

Ancy = ny —ny = (cop — 402,0)M—
0



Relation to the Berry phase theory of polarization

TO Aoki PRL ‘05
EH effective Lagrangian

L(Apy) = —iln{e " 4%y

A' = (Ez,0)

adiabatic limit (small £, long time)

Berry phase theory of polarization (Resta’s twist operator version)
Resta (late 80s) '92, King-Smith Vanderbilt ‘93, .. Resta PRL 99

P = LIm Inz 2z = <\If‘ei(2ﬁ/L)X‘\P>

2T



Dielectric breakdown in Mott insulators

(1dim) TO, Aoki: PRL (2003), PRL(2005)
(DMFT) Eckstein, TO, Werner: PRL (2010)

half-filled Hubbard model (1-dim)

H(t)=-% {ei¢(t)cg+1ci + e_w(t)cgcﬂl}—l-U > Mgy

{}H'@ +4 i“*{;\%

electric field F
dD(t)

PO =4



Dielectric breakdown in Mott insulators

(1dim) TO, Aoki: PRL (2003), PRL(2005),..
(DMFT) Eckstein, TO, Werner: PRL (2010)

half-filled Hubbard model (1-dim)

H(t) = -% {eiqb(t)cgﬂci + e_ié(t)cgciﬂh—U 2 MM

1

electric field F
dD(t)

PO =4



d [%]

Nonequilibrium DMFT

O 2 4 6 8 10 12 14
t
d(t) =T

]/F X Fdh

Eckstein, TO, Werner PRL 2010
Eckstein, Werner PRB 2012

.jtl_ln(F) — FthDEn e}ftli’(_Fth/F)

threshold form

transient steady state
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En|

How do we solve this analytically?

Spec of H()

Hubbard model is exactly solvable

bu

t one cannot obtain the matrix elements

h(?le

production rate 4 ¥ {} f,‘,‘;;{} A _{}'&4\&\

’ " do(ll)lblon /%} 1 pair

//'-\k
! N AT

¢ M ¢ 4 g.s.
two level approximation V{}-{H}_ - 4}_{}.{%

ignore 2 pairs, 3 pairs, .., magnon



Imaginary time method (Landau-Dykhne theory)

Dykhne JETP (1962), Daviis, Pechukas, J.Chem.Phys. (1976)
Landau-Lifshitz Quantum mechanics

Matrix version of WKB approximation

[ A(t) B(t)
= (c@ D(w)
sinoularity 1. Use complex time
R 2. Find the singular point

Tr Ex(t") = Er(t")
3. Tunneling probability
> p = exp (—2ImS; 2 /)

[

t*
Siz = [, dt'[Ex(Q(t) — Er(®())
imaginary part of the dynamical phase

Generalized Landau-Zener formula



Imaginary time method + Bethe ansatz

Momentum resolved dh-pair creation rate

P, =exp | —2Im /F AE(p — @)—d@

F(0)
AE: d-h energy, I': complex path, F: Jacobian

Oka PRB 2012

complex momentum (~WKB)

AE(p—¢) ¢ € complex electric field F(¢)

~ Ul . !\ DC, AC, pulse
4 |
o=

L 4 :il/é type E(t) F(®) attempt frequency f
Rep I b %rossi.ng point DC-field FO FO FO/QT'—
mp AC-field FosinQt  +/F7 — Q202 Q/x
U=8 single pulse Fycosh™2(t/o) Fo (1 - a;‘.’—%) 1(single process)

oo dw Ji(w) cos(wsin k)e~ U</
() = Qb 2 haiad
en(k) = U/2+2cos k+ ./0 w cosh(wU /4)

oo dw Jo(w) sin(wsin(k))
0w 1+exp(Uw/2)

Ph(k):g—k+2




1D Mott insulator

DC-limit o Oka-Aoki 2010
t
Pp — EXP ( T 3 ) No p-dependence
0
Fin ~ Aniott /€
doublon hole

PHOPOPOP
g
&: dh-pair size (correlation length) ~1, 2sites

Estimate for 1d Mott insulators

T(eV) U(eV) alA) | Amorc(eV) &(a) Em(MV /em)
10

ET-F:TCNQ 0.1 1 0.7 1.1 3
Ni(cnxn)2Br|Bro| 0.22 24 5 1.6 1.0 16
SroCuls 0.52 3.1 4 1.5 2.1 0

30



AC-field: Keldysh crossover F(t) = Fycos(Qt)

Anott

2
ﬂﬁ) 0 i
PR (bQ v > 1, mulit-photon
T A)ott T A2 :
exp (—2 o (I— 17" +.. )) v < 1, tunneling
Keldysh parameter v = ()/&Fy

) Weak field: multi-photon _ Strong field: q-tunneling

¥} Q — A 12 Q — O
Q Mott Q
< <
Q 10 % 10
g 3
% 8 % g
g >
2 s S
g g
5 £
w4 %
= =

’ AMott ? AMott

_ _ 1;10111e11tu111 p _ _ Iglomentum P

~ femto-second pump-probe ~ nonlinear transport



B creaitl Schwinger mechanism (Zener breakdown)
-—0 Oo— " Spec of H(¢)
QED semiconductor En
Euler Heisenberg 1936, pchwinger 1951 Zener 1932

®

@ Brezin Itzykson 1970, Popov 1970
vacuum F(t) = FycosQt

-— =
Electric Field F @r

interacting model in £-ield

Hubbard model (closed ring) Large VSUSY QCD (large gluon bath)

(1) transient steady state steady state  Karch O'Bannon (2007)

(1dim) Oka Aoki: PRL (2003), PRL(2005) Nakamura 2010, Karch Sondhi (2011)

(DMFT) Eckstein, Oka, Werner: PRL (2010)
@ production rate of charge pairs @ production rate of charge pairs

(Bethe) Oka Aoki, 201o,|0ka 2012 Semenoff-Zarembo 2011

F(t) = FycosQt

(2 vacuum decay rate (@ vacuum decay rate/ Euler-Heisenberg Lagrangian

(1dim dmrg) Oka Aoki: PRL(2005) - Hashimoto Oka 2013

@ + dynamics 7, = L
kT

“Exact Nonequilibrium Steady State of an Open Hubbard Chain”
(MPS + Liouville) Prosen PRL 2014



Gauge/gravity duality using the D3/D7 configuration

- 1
Locp = wii(fy“Du)ijwj—EGZVG?—FSUSY partners

= low energy theory of the D3/D7 configuration

wi=x"

N¢ D7 x0~x?

\) ™

probe D-brane

review: Erdmenger et al. 0711.4467
Kim et al. 1205.4852



11N 1 SUSY Yang Mills: Maldecena *99
— OO
< hmlt SYM-+quark: Karch Katz *02

Sakai Sugimoto ‘04

fluctuation

AdS direction

Classical field theory described by the Dirac-Born-Infeld (DBI) action

Sppir = —Tp/doe_(b\/— det(gmn + 2ma! mn)

“nonlinear Maxwell equation + AdS metric”

review: Erdmenger et al. 0711.4467
Kim et al. 1205.4852



Gauge/gravity correspondence
Gubser, Klebanov, Polyakov 98, Witten ‘98

<€??f ddz ASY t(Q‘»‘N‘”(@) _ eiSDBI(A*;AEXt)on shell

on shell «<—> A" is the solution of the equation of motion



Euler-Heisenberg Lagrangian from Gauge / Gravity correspondence

<€??f ddz ASY t(ﬂ?)J“(l‘)> _ e?fSDBI(A*;ABXt)on shell

GKP 98, Witten ‘98
We want the following
( ot Az ASXY (z) JF (x) >

o="



Euler-Heisenberg Lagrangian from Gauge / Gravity correspondence

<€??fddﬂ?f4fft($)c]”’($)> — oiSDBI(A A ) o shell

GKP 98, Witten ‘98
We want the following

<€?‘? [ dz A ()] “(f—l‘?)) o/SDBI (AGA™Y) off shell

Hashimoto Oka JHEP "13

0:

E>Eth

r

J = Jo state



Euler-Heisenberg Lagrangian of the N=2 SUSY QCD in the large N, limit
Hashimoto Oka JHEP " 13, Hashimoto Sonoda Oka /in prep.

D
£39 = i [ d= "o \[(L— BRE)(1 + 5fB?) - BfE? — (3/)2(E - B)?

_(27ro/)2 4o R* :
b= R4 Zh f= nz?+ R4

Example: Kerr/Cotton Mouton effects

L NeA 107 E—

2.0 74 - A a
’ . 5 10 | i
320 ; °
L (A5 1D Mott insulator
= 10~ ]
3
3)/n. 2 1n6 |
ca0 ~ xP(0;0,0,0) 5 0% @8 ]
VETTT T 2107 | T~ C
w—0 .A ) B by O b _
) W o 3 % 10% | EY KJ\\
[ ? = ~
A ne-photon 2 = 9L O \_‘
4 B forbden " — e oy % Eé 10 F é)C) ~ ( )_4
°F o0 ] 5 3 £ 4g1oL Lo ] ~(gap
3 1D band insulator H
i <0|xj1> é’ | | i
-10:' (i:glind_ 0 ] g 1 h2 (ev)s 4 5
. I ! M I )y
1.25 1.30 1.35 1‘430 gap

Photon energy {eV)

Kishida et al. Nature 2000



E(9)

\/1—|—R4d2c9 A N
+
(0.A1)%}

0.0008

0.0004 |

0.0000 F

0.0010

0.0008
0.0006

0.0004

0.0002

Time dependent calculation in the gapless case

solve EOM

\J1+ 78(1}‘0}041

\/1 2 {(0A;

\/1 2 {(BAy)? —

(0.4,

@

 (b)

|
|

L polarization current

thermalization time
Tth

| steady stat]

30 40 50

)0 s
)*}

— / Els)ds + h(t.z)

current in the Hubbard model

zation current
F=0.1

F=0.8 —
F=10 (x 0.005)

Eckstein TO Werner PRL ‘10

Hashimoto TO JHEP ‘13



Time dependent calculation in the gapless case
solve EOM

VI+ g d2694 VI+ & a’d4 L
-, ( : ) ( o ) =0 A= —/ Els)ds + h(t.z)
;\/1—F{ BoA1)? — (8.A;)? \/1 )2}

{d041 )2 — (0.4

horizon in the
-~ induced metric

AdS direction
yi




Horizon formation and the effective Hawking temperature

horizon in the

“Tinduced metric

induced horizon
(zan,tan)
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Hashimoto TO JHEP ‘13



effective Hawking temperature

Effective temperature

0.014

0.012

0.010

0.008

0.006

0.004

0.002

0.000 L
0

Time evolution of the Hawking temperature

-—
[ (¢) thermalization time
Tth

40 I ‘ 60 ‘ I I 80
boundary time
ty

dissipation source = gluons

111 ) LI L B L L B LI
+ R=10
250:— = R-5
EEJ[J:— ® R-1
Tth [ universal scaling plot
150F o m
100k o 4
‘,.l/
sn:— /.l‘.
U:l' ...............................
0 5 100 150 200 250 300
Zp
Tth — a

kB Teff

Planckian thermalization

(This can be obtained simply by dimensional analysis)

Hashimoto Oka JHEP ‘13



effective Hawking temperature

Comparison with experiment??

Effective temperature
Wang et al. Gedik group PRL 2012

T T T T T T T T T T T T T T T
oo1a L (©) thermalization time 1 (8.)
I Tth

0.012

0.010

0.008

0.006

0.004

0.002

i | |
o.ouu_"'j"wllnnwlwuu_ 0 5 10 15

0 0 40 60 80
boundary time t(ps)
ty
dissipation source = gluons dissipation source = acoustic phonons?

laser inducec]l temperature ~ 100-1000K

h
kBl

Tih = @ ~ 0.01 — 0.1ps

Might explain the ultrafast ~ " thermalization” (good fit to the Fermi-function)
Hashimoto Oka JHEP ‘13



Summary and perspectives

Universal relations

1. Nonlinear optical response in QCD (confinement phase)

2. Planckian thermalization q h
Tth — Q74—
kBTeff

“Fast thermalization puzzle” in QGP formation

= QGP is described by a low viscosity fluid
from a very fast time scale
= very very fast thermalization

Strong E and B fields at ion collision

..consistent with experiment

(Note: Our theory do not describe the Yang-Mills thermalization)
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Dirac model = Landau-Zener model
L= (0, — Ay —m] ¢

v DC field
N A IS
/ b

singular point S12 = dt [Ea(D(t)) — By (O(F))]

t" = £il/F — A’“/F dt'\[— F2#2 + A}
to
LAY
= Zﬂ-ﬁ
_ —wA%/F
pr = ¢€ /
l K integral
2 772 2
r / V =2Im/L ~ €4E:; exp (—Ti‘m—E) Heisenberg-Euler (1936)
e
W Schwinger Phys. Rev.82, (1951)

3+1 Dirac system



Keldysh crossover and the creation rate

4 Weak field: multi-photon . Strong field: q-tunneling
- (1 — Al\flot’r, - (0 —0
< 4
5 10 L 10
20 o0
g 3
g 8 % 8
g g
9 6 9 6
3 3
-8 'S
M4 v
£ A
Aott ’ Aot
momentum p momentum p
~ femto-second pump-probe ~ nonlinear transport

T=infinite state
produced carriers do not contribute to transport
o(Teg — 00) =0

J ~ PPF + O(Teﬁ)d(t)F

In realistic systems, these excitations should cooled down



Comparison with numerical result (1d Hubbard)

pulse fields

R®
014 ()
0.12 N fp=4
0.10 / ||ﬁ||

d (9:}8 U\M Mnfnvju
0.06 ,f! J Fy=3
0.04 fl : _%':2
- doublon density "

0.00!
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!

doublon density (td-DMRG) d(t) =

production rate (Bethe ansatz) T — j

deviation at large F

(c)

0.14

td-DMRG Ad 3
Landau-Dykhne Bethe Nz —

3 4 5 6
£y

(2]

1
- Z(”ﬂnil)

Landau-Dyhkne formula ignores quantum interefrence in
multi-tunneling events (Stokes phenomena)



Comparison with numerical results (AC-field)
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Superstring: better than simulations?

Superstring
12 —
1
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[Brower,Mathur, Tan (03)]

12

10

0

Lattice
0" I
_ 2 llllg:...._4
. 2*_+£“_“:::_3 - e
0 _3+-_
2
1 — 3ﬁ
| %
V]
{92E
+ I
11
0
++ -+ +- --
PC

[Morningstar,Peardon (99)]



Radii of proton/neutron

‘ Superstring: better than simulations?

[Sakai,Sugimoto,KH (0806.3122)]

Superstring | Experiment

) g, (0.74 fm)2 | (0.875 fm)?
G 0 —0.116 fm?
(r2) 0.54 fm 0.674 fm

[y 2.2 2.79

fin -1.3 -1.91

g4 0.73 1.27
GrNN 7.5 13.2
JpNN 5.8 4.2 -6.5 Lattice
LA+ 4.4 3.7-7.5 4.99
e 2.3 — 2.49
JL.A 0.20 — 0.06
[hA- -1.9 — —2.45




Superstring: better than simulations?
[Sakai,Sugimoto,KH (0901.4449)]

Vir
Nuclear forces (7)
0.006; 3
Superstring: o S1
7" (Inter-nucleon distance)
Experiments: Lattice QCD
2;] S ) simulations :ewf 100 - —— iso-# ]
3 500 £ i Sy ——
100 | §400-A® 2 F 3
5300- ‘e [V % 56 e 8088 aa ]
%>U 200 F A@ 9,88
: 100 f & 50 ' ]
N T
100, 1 im 2 0.0 0.5 1.0 1.5 2.0

r [fm]

[Stoks,Klomp,Terheggen,deSwart (‘94)] [Aoki,Ishii,Hatsuda (‘07)]



