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1. Introduction



QCD phase structure
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ﬁ * QCD phase structure has not completely been understood yet.

(e.g. the mass generation mechanism in terms of the chiral symmetry breaking )

- Does phase diagram have any other axis ?
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Magnetar has an extremely strong magnetic field.

Magnetar (surface) 10°Gauss
Magnetar (inner core) 10'8Gauss

Q It seems that the hadron properties are
changed dramatically in a magnetic field.




QCD phase diagram includes
only temperature and density.

It would be important to add an axis along
the magnetic field to QCD phase diagram.
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S — QCD gets to have rich structure.
Magnetic field

Purpose of my study is to get the new insight for understanding the phase structure of
QCD through such an extreme condition.

T— High density region and Strong magnetic field




How to tackle to QCD phase structure

Summarize the above...

The purpose of my research is to extract the new aspect of QCD phase structure
through extreme conditions, 1.e. high density region with a magnetic field.

_

To accomplish my purpose, I focus on a baryonic matter with a strong magnetic field.




How to tackle to QCD phase structure

Summarize the above...

The purpose of my research is to extract the new aspect of QCD phase structure
through extreme conditions, 1.e. high density region with a magnetic field.

_

To accomplish my purpose, I focus on a baryonic matter with a strong magnetic field.
Assume that the nuclear matter consists of crystals of baryon.

WOA BT (o)

Face centered cubic



How to tackle to QCD phase structure

Summarize the above...

The purpose of my research is to extract the new aspect of QCD phase structure
through extreme conditions, 1.e. high density region with a magnetic field.

U

In this study, we employ the skyrmion crystal model.
Skyrmion is 1dentified as baryon while respecting the chiral symmetry.

s Skyrmions

WOA BT (o)

Face centered cubic



How to tackle to QCD phase structure

Summarize the above...

The purpose of my research is to extract the new aspect of QCD phase structure
through extreme conditions, 1.e. high density region with a magnetic field.

g

By applying a magnetic field, we study the nuclear matter properties

to get the new insight for understanding QCD . Magnetic
field

mmm  OKyrmions
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Face centered cubic

To get new insight for
understanding QCD



Our work

( Short review of skyrmion)



Short review of skyrmion

60 (1961) 127:

= . E. Brown, Phys. Rept., 142 (1986) 1.
Skyrme model Lagrangian based on the chiral symmetry U = explin®T® /| F}]

2
Lsiyr = ftr[@uUﬁ“UT] -

= tr{ ute, U, ute,ulUtery, Ut U] }

- Invariant under chiral transformation U — g;,U gTR

To describe baryon-physics, we give the hedgehog ansatz, U = expliz'T"F(r)] .
In topology

/ The ansatz is denoted as the nontrivial map U(z) : R® — S° \

This maps constitute the third homotopy group m3(S?) = Z.
boundary condition

Winding number (baryon number) : B = /d?’mj% =1 F(0)=m, F(o0)=0

1
—— Py

S 0,U-UNY0,U-UNo,U-U")

Baryon current : ji =

é The hedgehog ansats is characterized by the winding number (baryon number).
\\ — Skyrme model describes “baryon” /




Short review of skyrmion

60 (1961) 127:

e . E. Brown, Phys. Rept., 142 (1986) 1.
Skyrme model Lagrangian based on the chiral symmetry U = explin®T® /| F}]

2
Lsiyr = ftr[@uUﬁ“UT] +

= tr{ ute, U, ute,ulUtery, Ut U] }

- Invariant under chiral transformation U — g;,U gTR

To describe baryon-physics, we give the hedgehog ansatz, U = expliz'T"F(r)] .
lL through the numerical calculation....

Baryon properties Input parameter
K Energy of skyrmion (baryon) \ fr = 93MeV (experimenta value)
5 e ~ 6 (determined from o —nn)
MSkyrm - d xESkyrm

Mgyeyr ~ 1150[MeV]
Skyrmion (nucleon) is the finite size particle.

- Isoscalar charge radius of a nucleon
To = 0.66 fm

\_ (ri™) = 0.877+0.005fm)

*Observables are acceptable at the leading O(N,.).




Our work

So far, I just showed the “isolated skyrmoin (= baryon)”.
Let’s move on “skyrmoins (=baryonic matter)”

(Short review of skyrmion crystal)



Short review of skyrmion crystal

To investigate the baryonic matter properties, we put skyrmions onto crystal lattice

Skyrmion crystal

Put skyrmions onto crystal lattice

Skyrmion

WO BT (o)

I. Klebanov, Nucl. Phys. B262(1985) 133-143

H. J. Lee, B. Y. Park, D. P. Min, M. Rho and
V. Vento, Nucl. Phys. A bf 723, 427 (2003)



Short review of skyrmion crystal

To investigate the baryonic matter properties, we put skyrmions onto crystal lattice

Skyrmion crystal

Skyrmion Put skyrmions Zonto crystal lattice

WOAFEEBT (i)

Identify skyrmion crystal as baryonic matter.

I. Klebanov, Nucl. Phys. B262(1985) 133-143

H. J. Lee, B. Y. Park, D. P. Min, M. Rho and
V. Vento, Nucl. Phys. A bf 723, 427 (2003)



Short review of skyrmion crystal

To investigate the baryonic matter properties, we put skyrmions on to crystal lattice

r

I. Klebanov, Nucl. Phys. B262(1985) 133-143

H. J. Lee, B. Y. Park, D. P. Min, M. Rho and
V. Vento, Nucl. Phys. A bf 723, 427 (2003)

\_ monnT Specifically choose the face centered cubic in our work.

* Put skyrmions onto the face centered cubic(FCC) crystal

« A single FCC crystal has the volume size (2L)3
and contains 4 skyrmions.




Short review of skyrmion crystal

To investigate the baryonic matter properties, we put skyrmions on to crystal lattice

r

I. Klebanov, Nucl. Phys. B262(1985) 133-143

H. J. Lee, B. Y. Park, D. P. Min, M. Rho and
V. Vento, Nucl. Phys. A bf 723, 427 (2003)

\_ monnT Specifically choose the face centered cubic in our work.

* Put skyrmions onto the face centered cubic(FCC) crystal

« A single FCC crystal has the volume size (2L)3

and contains 4W

__— Lattice size

N\

« Baryonic matter density: o = 4/(2L)?




Short review of skyrmion crystal

To investigate the baryonic matter properties, we put skyrmions on to crystal lattice

a8 -

\ WO FBEBT (foc)

\

J

I. Klebanov, Nucl. Phys. B262(1985) 133-143

H. J. Lee, B. Y. Park, D. P. Min, M. Rho and
V. Vento, Nucl. Phys. A bf 723, 427 (2003)

How is the skyrmion-skyrmion interaction going?

YA

Focus on the x-y plane

In skyrmion crystal approaches,
nearest skyrmions get
the strongest attractive interaction

(for more on this, please see
“arX1v:1604.04850”)




Short review of skyrmion crystal

The skyrmion approach has a characteristic phenomena.

On the premise of this work
skyrmions are put onto a FCC crystal.

—

As crystal size 1s changed to be small,
interesting phenomena happens.
*Baryonic matter density: o = 4/(2L)3




Short review of skyrmion crystal

The skyrmion approach has a characteristic phenomena which is the topological
phase transition between the skyrmion and the half-skyrmion phase.

On the premise of this work that
skyrmions are put onto a FCC crystal.

As crystal size 1s changed to be small,
interesting phenomena happens.

*Baryonic matter density: o = 4/(2L)3



Short review of skyrmion crystal

The skyrmion approach has a characteristic phenomena which is the topological
phase transition between the skyrmion and the half-skyrmion phase.

- A FCC crystal with volume size (2L)3 » A crystal lattice with volume size (2L)3
contains 4 skyrmions has 8 cubic-centered (CC) crystals.

critical - A single CC contains 1 skyrmion.

crystal size

* Baryon number is conserved even if this system undergoes the topological phase transition.



Short review of skyrmion crystal

S

—

The skyrmion approach has a characteristic phenomena which is the topological
phase transition between the skyrmion and the half-skyrmion phase.

- A FCC crystal with volume size (2L)3 » A crystal lattice with volume size (2L)3
contains 4 skyrmions has 8 cubic-centered (CC) crystals.

critical - A single CC contains 1 skyrmion.

crystal size

O
o
s - %8
has baryon-number 1 ) baryon-number 1/2
¢=) Skyrmion phase =) Half-skyrmion phase

* Baryon number is conserved even if this system undergoes the topological phase transition.




Short review of skyrmion crystal

The skyrmion approach has a characteristic phenome which 1s the topological
phase transition between the skyrmion and the half-skyrmion phase.

- A FCC crystal with volume size (2L)3 » A crystal lattice with volume size (2L)3
contains 4 skyrmions has 8 cubic-centered (CC) crystals.

- A single CC contains 1 skyrmion.
YA
ﬁ C C -

critical
crystal size

> X

\ > X

has baryon-number 1 baryon-number 1/2

Let’s check skyrmion crystal properties through the numerical calculation



Short review of skyrmion crystal

Baryon energy per skyrmion

100t
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950t

0.5 10 20 2.5
high density region low density region

Lattice size, L[fm]

Baryonic matter density: o =4/(2L)3



Short review of skyrmion crystal

Baryon energy per skyrmion

100t

50

1000¢

950

6.5 10 20 2.5
high density region low density region

Lattice size, L[fm] ]
Baryonic matter density: o =4/(2L)3 .
Winding number( Baryon number density )
1 Ovpo
P = 557t [(0,U - UN)O,U - UN)(8,U - U]

It 1s able to reproduce FCC crystal numerically.



Short review of skyrmion crystal

Baryon energy per skyrmion
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Short review of skyrmion crystal

Baryon energy per skyrmion

A s FCC crystal

1100¢

0.5 ; 1.5 20

high depsityregion 'Ll[ﬁln]l ———low density region

4 -2 0 2 4
25 X

Topological transition occurs.

What is the signal of topological transition?

—Look at the chiral field U = ¢g|+ 750, .

Pick out! l:

1 L
Space-averaged value: () = (L) / d>x dq
—L




Short review of skyrmion crystal

. AF e FCC crystal
aryon energy per skyrmion —

1100¢

-2}
1000f .
_al Skyrmion phase
\ 4 -2 0 2 4
950k
] 2.5 X
high de low density reglon
< ¢g >
0.6
1 (o) =0 (o) # 0

high density region H™ - Jow density region




Short review of skyrmion crystal
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Short review of skyrmion crystal

Baryon energy per skyrmion

A s FCC crystal

1100¢

_,.  Skyrmion phase

\-4 2 0 2 4
X

Vanishing of (¢, signals

25

low density reg1on

< ¢g > the topological transition.
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Critical point 1
L.=1.3[fm]
(@0) =4 (o) # 0
high density region H™ - Jow density region




What happens 1n magnetic field?

Magnetic
field

Deformation of
skyrmion configuration

WO BERBT (i)

Topological transition

—

y(2)
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I
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Baryon energy per skyrmion
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950
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By applying magnetic field,
what changes in crystal properties?



Skyrmion crystal in a magnetic field

M. K., Y. L. Ma and S. Matsuzaki,
“"Magnetic field effect on nuclear matter from skyrmion crystal model,"
arXiv:1804.09015 [nucl-th].



Skyrmion crystal in a magnetic field

Replace the derivative operator with the gauge covariant one *Constant magnetic

auU — D“U — 8MU o i‘CMU + iU’RM L,u — R,u = GQemA,u field along Z-axis
2
Leyr = ]jftr[auUa“UT] +

- Qtr{[UTé?MU, Ute,UlUton, UTaVU]}
&




Skyrmion crystal in a magnetic field

*Constant magnetic

Replace the derivative operator with the gauge covariant one
field along z-axis

0,U = DU = 8,U —iL,U+iUR, L, =R, =eQemA,

2
Leyr = %tr[@uUc?“UT] + tr{ uto,U, U, U[UTeMU, U8 U }

32¢2
Baryon energy per skyrmion
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As magnetic field increases,

| baryon (skyrmion) energy
| Increases.

low density region



(¢, ina magnetic field

Magnetic effect on < ¢o >

Vanishing of (¢, signals
the topological transition.

Topological transition




(¢, ina magnetic field

Magnetic effect on < ¢o >

Magnetic field eB
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As the magnetic field increases, the topological transition point is shifted to a
high density region and the value of (¢, gets larger.



Deformation of the skyrmion

configuration

Skyrmion phase Half-skyrmion phase

Magnetic
field

y(2)

Skyrmion configuration
is deformed by a magnetic field.




Deformation of the skyrmion

configuration

VeB = 400[MeV]

L = 2.0[fm| Skyrmion phase L = 1.0[fm| Half skyrmion phase
,,,,,, S —
x-y plane x-y plane
yP | L.=1.25[fm] | !
_2| | B M o @ o @
Single baryon shape is deformed CC structure 1s strongly effected
to be an elliptic form. by a magnetic field.
x-z plane S : S
x-z plane




Deformation of the skyrmion

configuration

VeB = 800[MeV]
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Discussed the magnetic effect on the baryonic matter based on the skyrmion crystal
approach.

« As magnetic field increases, baryon (skyrmion) energy increases for any crystal size.

* As the magnetic field increases, the topological transition point is shifted to a high
density region and the value of (¢, gets larger.
— Magnetic effect plays the role of a catalyzer for the topological transition.

* Magnetic field distorts the skyrmion crystal structure.
- Low density region : Single baryon shape is deformed to be an elliptic form.
- Highr density region : CC structure is strongly effected by a magnetic field.
In particularly, CC structure gets completely lost for a large
magnetic field.



Thank you very much!
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chiral symmetry in magnetic field

Focus magnetic effect

* magnetic catalysis/inverse catalysis: chiral condensate is enhanced (suppressed) by
the magnetic field.

chiral phase transition easily(difficultly) happen in magnetic field
— magnetic field affects the chiral symmetry.
(And also, it is expected that the properties of nuclear matter
is affected by magnetic field )
(nuclear matter properties : mass of baryon (nucleon) and structure of baryons )

In this work, we focus on the magnetic dependence of chiral symmetry (baryonic matter)



Why focus on a baryonic matter?

(Again) In a baryonic matter, the chiral symmetry is expected to restore.

why use the skymion approach?

« skyrmion is identified as baryon while respecting the chiral symmetry.
— chiral restoration phenomenon 1is observed on this approach.

* Inner structure of baryonic matter can be visualized through
baryon number density
(which focus on “inner structure” or “deformation”?)



How to tackle to the mass generation

Summarize the above...

The purpose of my research is to extract the new aspect of QCD phase structure
through extreme conditions, 1.e. high density region with a magnetic field.

_

To accomplish my purpose, I focus on a baryonic matter with a strong magnetic field.

In this study, we employ the skyrmion crystal model.

Advantage of skyrmion apprach

« Skyrmion is identified as baryon while respecting the chiral symmetry.
— Chiral restoration phenomenon is observed on this approach.

* Inner structure of baryonic matter can be visualized
through baryon number density.

(The details will be described later.)



How to tackle to the mass generation

Summarize the above...

The purpose of my research is to extract the new aspect of QCD phase structure
through extreme conditions, 1.e. high density region with a magnetic field.

_

To accomplish my purpose, I focus on a baryonic matter with a strong magnetic field.

Magnetic
field

E— :
s OKyTmions

rrrrrrr

Face centered cubic

To get new insight for
understanding QCD



Skyrmion properties

Lsiyrm(U) U = expliz"t F(r)]

Input parameter
f= = 93MeV (experimenta value)
e ~ 6 (experimenta value determined from o —nmn)
Baryon properties

K Energy of skyrmion \

Mgigrm = — | d°2Lskyrm Skyrmion (nucleon) is the finite size particle.

Mgyyr ~ 1150[MeV]

- Isoscalar charge radius of a nucleon
o = 0.66 fm

K ( r(()exp) = 0.877 + 0.005 fm ) /

*Observables are acceptable at the leading O(N.,.).




skyrmion-skyrmion interaction
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Deformation of the skyrmion

configuration

It turned out that the critical point (topological transition point) is
affected by a magnetic field.

Skyrmion phase Critical pomt is shifted to Half-skyrmion phase
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