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QCD phase diagram with B
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Questions

B
. How is the phase diagram modified by B and ug?

- Consider the region where B and us are small, and chiral
perturbation theory is valid.

- Temperature and Isospin chemical potential are not
considered. U

. Skyrmion plays an important role to determine the phase structure.

- Since pions do not carry baryon number, nothing seems to happen even if us is considered.



Chiral perturbation theory

. Order parameter is the chiral condensate: (Gq) = [(7q)|~

- Nambu-Goldstone boson: X = exp(icads), ¢a = Ta/[fx

] ] f2 f2m2
. Effective Lagrangian: £q.,p1 = Z”tr (D, SDHYT) 774 T(2-% -3

DY =8,5 +i4,[Q,%], Q = diag(2/3,—1/3)

5



Skyrmion

-Can the baryons be made by pions (rather than quarks)?

-Baryon as soliton = Skyrmion - Topological charge :

Skyrme (1961)
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- R3 surrounds the configuration space of
the pions S3: m3(S3)




ChPT w/ topological terms

. Baryon current couples to U(1)s gauge field: L = —ALjs., AL = (us,0)

e “trial and error” U(1)em gauging while preserving baryon number conservation.

prof
]]/_;) = —- 5 tr{L,LoLg — 3ied, |[AaQ(Lg + Rg)|} L, = EQMZT , R, = Q}]TS

2477 Q = diag(2/3,—1/3)

Skyrimon charge

Son and Stephanov (2008); Goldstone and Wilczek (1981); Witten (1983)



Chiral Soliton Lattice

« SG theory w/ total derivative

Bz
- 2 2.2 CUB
H = _(az¢3) T fwmw(l o COS¢3) Baz¢3

p 472

- Consider only mo : Y] = ¢'¢373 >
moDW: o3 = dtan ™ 'er?
- z-dependence of ¢ 3 is nontrivial. -
« EOM - 83¢3 — m% sin @3
. > 2 eu B
« Energy - E:/ dzH =8mi jx ;
e s
167, f2

e Critical B : Bcgr, =
EUB



« SG theory w/ total derivative Bz
E el
H = ?(@%)Q + frmz (1 — cosgs) 47713 BO.¢; ‘ o 'K(MB, B)
- Consider only mo : ¥ = '?373
- z-dependence of @3 is nontrivial.
« EOM : 973 = m;. sin ¢

o0
. eupb - i I
« Energy : F = / dzH = 8m727f7r H Pack many DWs in ground state!
oo 27T |
- Impossible to pack due to the repulsive force.
2
o Critical B : Bogt, = 167m 7 f7T Dautry and Nyman (1979); Hatsuda (1986); Son and Stephanov (2008);

EUB Nishiyama, Kawasawa and Tatsumi (2015); Brauner and Yamamoto (2017)

g See also talks by Evans, Incera, Gyory.



Non-Abelilan soliton

« The single soliton: f- S2 moduli on the domain wall j
o = €93Y 9 = 4tan"teMn? OO
N \\ \ W\ X l y
\H;‘k\ \\ \\f'/’// p.
P heh N W, Py
o . = y 4 N =
I luti . a o ;"’ » f’ \ —:::’ -
. More general solution : v ’/,f e ;* \\\:\ o
. v &Y N N
S~ %" = exp(ifgrsg") AARNNN
\_ ) J

« SSB of SU(2)v — U(1) | | :
| - The collective coordinate: ¢ € C=, ol =1
- 20 Is invariant under g = e' 739

Nitta (2015); Eto and Nitta (2015) gosg' = 200" — 1
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EFT for SZ2 modull

. Effective Lagrangian : Lgpr = Leonst + Lkin + Ltopo Eto, KN and Nitta, JHEP 12 (2023) 032

. Kinetic term : Ly = C(0)[(¢' Da¢)® + D¢ Do)

O(3) nonlinear sigma model

- Topological terms : £, = — 2130 62”3 B89 [Ar(1 —n3)] | n, = olo,6 |n|=1
70

- The red term stabilizes the configuration with finite k!

- 1t 2(S2) topological charge (counting how many times xy plane covers S2 moduli) ™

k:/dQ:z?q
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A ) / /
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\_ Y,
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Bogomol'nyl bound

« Baby Skyrmion naturally appears when minimizing the Hamiltonian.

C(I;) on-o0;,n -+ 2UBQ eéuB EOSjkaj [Ak(l — ng)]
7T

Hpw =

« Completing the square of the kinetic term is useful!

(&Ln) (8 T T €1 X 8jn)2 T 8mqg > L£87Qq

=0 — BPS equation — Baby Skyrmion!

e Critical us: Epw > 27C(k )\/{7\ + 2,uB/<J ez,uB /dzxeogjkﬁ-[flk(l —ng3)|
T

ug > WC(KJ) The total energy is negatlve M> [, and baby Some constraints on the lump
Skyrmion appears in the ground state! Eto, KN and Nitta, JHEP 12 (2023) 032



Baby Skyrmion

« Configuration on DW surrounding S2: T =N, n®=1

13 Polyakov and Belavin (1975)



0.20

0.15

B [GeV?]

0.05

0.00

00 /
Vacuum (167Tf7%/(3m77)7 3m72'(')
I 0.2 04 I 0.6 I 0.8 I I 1.0 - 1.2

Eto, KN and Nitta, JHEP 12 (2023) 032



summary

» Pions couple to baryon as Skyrmion.
« At B>Bc, the stack of mo DWs is energetically stable.

« At u>wuc, baby Skyrmion appears on mo DWSs.
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Thank you for your attention!



