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Strength of B-fields

|eB|<< Agcp? Nocp’ << | eB|
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Strength of B-fields

|eB|<< Agcp? Nocp’ << | eB|

Lattice QCD

“Surface” of RHIC LHC
compact stars —
|eB]|
10 -6 ~0.1 ~0.3 ~ 3 (GeV?)

Lattice QCD ~ “Laboratory” on the computer

test theoretical ideas and concepts usable for
other extreme environments, e.g., dense QCD
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Contents

0 ) Basics : Landau levels

1 ) Lattice vs models : Theoretical challenges

2 ) The quark mass gap in strong mag. fields
3 ) Mesons and HRG in strong mag. fields

4 ) Summary
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Quantum mechanics in mag. fields

(spinless, free particles)

Num. of states
=0 (for p,=m=0)
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Quantum mechanics in mag. fields

(spinless, free particles)

B0 (for p,=m=0)

periodic
uantization 2
- q pT
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Quantum mechanics in mag. fields

(spinless, free particles)

Num. of states (orbital levels)
Bz0 (for p,=m=0)
eB,
1=0 1=1 1=2
2|eB|
» < ~2|eB|
periodic
- quantization 0 |eB| 3|eB| 5|eB| pTz

A

zero point energy
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Quantum mechanics in mag. fields
(spin 1/2, free particles)

Num. of states (orbital + Zeeman splitting)
Bz0 (for p,=m=0) ,
eBZ LLL /
Ju— —
periodic

> quantization 0 2|eB]| 4|eB| pTz
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Quantum mechanics in mag. fields
(spin 1/2, free particles)

Num. of states (orbital + Zeeman splitting)

(for p,=m=0)

B0 =0
eB,
T y \ of / /
|
- 1 — ——
periodic
> quantizatio O 2| eB]| 4|eB| pTz

= Energy : zero (at p,-m=0) & B-indep.
(at tree level)
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“Enhanced” IR phase space for quarks

higher LLs

density
of states N \
(for p,=m=0) -
P eB
/ d\
i
1
\ N~ | 2
0 AQCDZ 2|eB| 4|eB] P+

Larger B - More quarks can stay at low energy.
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“Enhanced” IR phase space for quarks

higher LLs

density
of states

(for p,=m=0) -
P eB
f \
I
1
. h __________________________ | I :
2
0 Ngep?  2leB] 4]eB|  p;

Larger B - More quarks can stay at low energy.

Enhanced quark loop corrections in /R

We may change the structure of QCD in the /R region



6/27
Examples of quark loops

chiral condensate
_ |6 B | _
<’$(SE)’¢($)>4D — o <¢(37L)¢(33L)>2D
degeneracy \
(universal ) non-universal
gluon polarization B , “
(perturbative screening) q) 2 2
< MDD
asleB| x -
M(W@Wm degeneracy 1 (qu(B) < QE)
( universal ) —
LLL (Miranski-Shovkovy 02)

(Naively)  Both effects are enhanced by B
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2, Theoretical Problems:
Lattice vs Models

leB| >> Agp’

(For |eB| ~ Ayp® > Mao’s talk )
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Problems: Lattice vs Models

(Bali et al, 11)

Problem 1)
A{Y) B/ (Y1) B=o
(T 0)

I models

N

0.5 F W N

i Llnearln B T
: (Lattice)

0 T T e

02 04 06 038 1
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Problems: Lattice vs Models

(Bali et al, 11)
Problem 1) Problem 2)

A<¢¢>B/<¢¢>B=O Tchiral (~ Tdeconf. )

(T=0)

'Illlllll _llllllllll‘aAIll

_l 1 | I 1 1 1 I 1 1 I 1 | |, ” | I | 1 _
[ del 7 160 - 'Y models -
u moaeils S B B s e .
N V4 -
1 // , . -
- 'I — \ -
, VA 150 : —

LinearinB 1,,,[  “Inverse”

(Lattice) 1 i mag. catalysis

0.8 1 0 0.2 0.4 06 0.8
eB (GeV?)
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Problems 1&2: Lattice vs Models

Lattice results look like
“Paradox ??”

- <¢w> Larger ChSB at T=0,
but the condensate
Magnetic melts more easily
catalysis
A = “: ”
B=0 inverse
X magnetic catalysis

N T
\\
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Problems 1&2: Lattice vs Models

more proper way to look

x1/ |eB| divide by trivial factor
non-universal (non-dynamical part)

part Results look less surprising...

“inverse”
X magnetic catalysis

N T
\\
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Origin of problems (models)

( The NlL-type, ....)

M, ~ eB|'? ()
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Origin of problems (models)

( The NlL-type, ....)

M, ~ eB|'? ()

Problem 1)
4 N

<1;¢>2D ~ leB|'/?

l x |eB|

<?7E¢>4D ™~ ‘63‘3/2

# |lattice data oc|eB|
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Origin of problems (models)

( The NlL-type, ....)

M, ~ eB|'? ()

Problem 1) Problem 2)
4 N\ N

<1;¢>2D -~ |eB|1/2 Too massive

to thermally excite :

‘L X |eB| we need
_ 3/2 I~ Mg ~ eB|"?
<¢¢>4D ~ leB| —> T_grows asB 4
# lattice data o< |eB]| # lattice data
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Our Goal

We are going to claim : for QCD
Mq ~J AQCD #z |eB|2 (models)

evenat |eB| >> Ay’




11/27

Our Goal

We are going to claim : for QCD
Mq ~J AQCD #z |eB|2 (models)

evenat |eB| >> Ay’

\

If so, “problem 1” is solved : (T=0) _
_ eB ' i
(Y)ap = | |<¢¢> - ‘
T > _ Linearin B -

~ I\QCD ; L 1 (Lattice) |

l 11 1 l L1 1 I | I I | I
0.2 04 0.6 0.8 1

eB (GeV?)
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3, The quark mass gap
in strong magnetic fields

Keep only LLL (well-justified, see TK-Su 13’)
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Structure of the Schwinger-Dyson eq.

1) No explicit B-dep.
for the LLL

2) No p,-dep.
- “factorization”

91
—QL;M)/ e 281 DR (g, q1)
qL

(for LLL)
q
D
p p-q p
= ‘ =
S r
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Structure of the Schwinger-Dyson eq.
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for the LLL

2) No p,-dep.
- “factorization”

(for LLL)

— Different
bases
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Structure of the Schwinger-Dyson eq.
(for LLL)

1) No explicit B-dep. — Different

for the LLL D bases
2) No p,-dep. P _ P >
- “ factorization” S

K wm factor”,

pr
//__QE:\

M (pr) N/ Stru(pr — az; M) 7‘\9 51 )Dxp (L, q1)
qL ‘
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Structure of the Schwinger-Dyson eq.

1) No explicit B-dep.
for the LLL

2) No p,-dep.
- “factorization”

~X

(for LLL)

— Different
bases

—

M(py) ~ / S, (pr — qz; M)
qL

wm factor”,

D
pP-q
S

Key observation : All the B-dep. will come out from

2D “ smeared” force !l
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IR vs UV interactions

2
smeared Origin of
forces /e 2[e5] DNP(QL7QL) - all B-dep.
g1

NA2 “” IR ” ? o UV Y/ 2

_ QCD 9 AD -

- / dgi e 25T Dyp(q) + dgi e e Dyp(9)
0
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IR vs UV interactions

2
smeared Origin of
forces /e 2[e5] DNP(QIMQL) - all B-dep.
g1

NA2 “” IR ” ? o UV Y/ 2
— D Skt 794D
- / dgi e” 25T Dyp(q) + dgje” e Dyp(q)
0 NA2QCD
....... qill
e 2|eBj N]_
~AQep ~2|eB]
2 4D
/ dg] Dxp(q) / d(h DNP(QL)
0 NA(ZQCD

IR - weak B-dep. UV - strong B-dep.
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Comparison of forces, 1

2
Origin of
/e e DNP(QL’QL) - all B-dep.
q1

L a n N BN B BN N N N N N B § §N §B N B &N &N B N § N B &N o § 8§ N §B _§ B § 8§ B B N B B _§B N N N _§}

D(q)
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Comparison of forces, 1

2
Origin of
/e e DNP(QL’QL) - all B-dep.
q1

[ & N B B N B &N N § N §N &N _§ §B N N B &N N B N §B N N N .o § & N 8 N &N &N _§ B B B B B N § N B _§}

1) Contact int. (NJL, etc.)

D(q)

same : ,
strength *

~ |eB|
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Comparison of forces, 1

2
Origin of
/e e DNP(QL’QL) - all B-dep.
q1

1) Contact int. (NJL, etc.)

L {N leB| x const. D(a)

2D Force is strongly B-dep.

same : ,
strength *

~ |eB|
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Comparison of forces, 1

2
Origin of
/e e DNP(QL’QL) - all B-dep.
q1

1) Contact int. (NJL, etc.)

L {N leB| x const. } D(q)

2D Force is strongly B-dep.

$

M ~ |eB|? ~ leB|

same : ,
strength *
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Comparison of forces, 2

2
Origin of
/e Te5] DNP(QL’QL) - all B-dep.
q1

L § n N BN B N N N N N N B § §N §B N B N N B N § N B N B a8 § §N B _§N B § § B B N B B B N N N _§}

2) QED case ( 1/q* force )

D(q)
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Comparison of forces, 2

2
Origin of
/e Te5] DNP(QL’QL) - all B-dep.
q1

( 2 N
L q7, D(CI)
~ ]
" eB)

weaker B-dependence
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Comparison of forces, 2

2
Origin of
/e Te5] DNP(QL’QL) - all B-dep.
q1

( 2 N
L q7, D(CI)
~ ]
" eB)

weaker B-dependence

\ 4

M~ |€B|1/2 o—0(1)/al/? ~ |eB]

(exponentially small)
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Comparison of forces, 3

2
Origin of
/e Te5] DNP(QL’QL) - all B-dep.
q

3) QCD case ( ?) (ﬁ
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Comparison of forces, 3

2
Origin of
/e Te5] DNP(QL’QL) - all B-dep.

/3/)QCD case(?) (\

D(q)

\, IRint.>> UVint.
- B-indep. forces
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Comparison of forces, 3

2
Origin of
/e Te5] DNP(QL’QL) - all B-dep.

/3/)QCD case(?) (\

D(q)

\, IRint.>> UVint.
- B-indep. forces

# M ~J AQCD

“nearly B-indep.”




o(B) / o(0)
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Enhanced screening
M ~ fixed & B -» large W@WW
string tension o(B) [bonati et al16] inverse mag. catalysis
1.5 ' T ' T ' T ' T ——
| 160 —
L. — S—————— 1 ]
0.5 ' : = - /
> 140 - “Inverse” Mag.
| 4 2=0.0989 fm (XY) catalysis
A a=0.0989 fm (Z) NI R R N B
T 0 0.2 0.4 0.6 0.8
% 1 2 3 4 eB (GeV?)

eB [GeV’]

this picture seems consistent with the lattice data
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4, Mesons and HRG
in strong magnetic fields
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Hadrons at weak B

Dilute magnetic flux lines

———->

B observes only
total spin & charge of hadrons

e e e S
________________________>

e.g.) neutral hadrons decouple from B
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Hadrons at strong B

Dense magnetic flux lines

qguarks inside of hadrons
-» structural changes in hadrons

B observes

[Fukushima-Hidaka, Simonov, Mao, Taya...]
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Hadrons at strong B

Dense magnetic flux lines

Q B observes
Qﬁ quarks inside of hadrons

-» structural changes in hadrons

[Fukushima-Hidaka, Simonov, Mao, Taya...]

As an illustration, we study the Bethe-Salpeter eq.

(within the LLL approximation)
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Bound state problems

A
B
s ~:‘: radius ~ |eB| 1/

: 1
E AX3 ~ AQCD

meson

v

guiding centers

To characterize the bound state,
first we look for the constants of motion
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Hall drift

drift force 1

guiding .~ e

|
\

\ ”—-— [N
center
]
\
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2-body problems : Hall drift
Q=-0 0=0

(e.g. neutral mesons) (e.g. di-electrons)

co-moving e

,,,,,

TN l\ \; Voo T s /
/\_’ / \\| N ’I \\\\\ /,\\M-—:\‘(
A /’—-:’,\ l‘\ I;
\l"“~—— \; \\\\\\ V2
conserved quantities
total momenta (P, P,) angular momentum (L)

( location of center - redundant )
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BS-eq. for neutral mesons

q+P/2 g+P/2 . k+P/2
—_—— ’," \‘\ 3
LLL P LLL
p— q'k [
LLL 0 LLL '_
q-P/2 q-P/2 /%
4 e I

\_ Schwinger phase )

For neutral mesons :/[ heavy Q; Strickland et al. (13) & Bonati et al.(15) ]
— — ‘B_,f XI"I\,P’_L \:: ",/—’:___—:;\\\\
H(q_l__kL;P_L) = Bé (q . k)J-,)' ~ c)(Pperp /B)
f ~

.- negiligible for small P
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Spectrum : results of long-range forces

/ P
Eff 5 (PB) ~ \/(Mggutral)2 i P32 +61A%CD ﬁ Ao

TL3,P_1_

nearly B-indep. P erp-COrrection

[ see also Fukushima-Hidaka, ... ]

neutral
meson

grow very slowly

-.B1
\\

-
\-————

More states at low energy
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Percolation & chiral restoration

_<,¢; U > s OPrac o OP  aial tend to cancel
RS = 8mf amf / ‘l’
/s aEj'n,(f)) 1
by
A P HRG o

* Steeper

earlier percolation ~ earlier chiral restoration

( HRG description of inverse mag. catalysis )
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Summary

* QCD in strong magnetic fields
- A new regime to study /ow E QCD

* The quark mass gap, chiral condensates, meson spectra

-> highly depends on the properties of interactions,
especially on the range of interactions

* The long-range interactions allow
stronger fluctuations in quark and meson sectors

-> help to understand the inverse magnetic catalysis

* Outlook : more detailed quantitative studies
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Bethe-Salpeter equations for LLLs

BS-eqgs can be dimensionally reduced from 4D to 2D

q+P/2 q+P/2 . k+P/2
—_—— ,'I \‘.‘ —
LLL P LLL P
— q-k
LLL LLL f
q-P/2 q-P/2 - k-P/2
2D effective interaction
= —Ef,
Dop(qr — ki) = / Dyp(q — k) Frp(qL — ki) e [ THE q"k‘]/'
k_L ________________ s’
form factor “ Schwmger phase “

Again, B-dep. arises only from 2D effective interaction
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Spatial wavefunctions

Necessary ingredients for bound state problems :

Guiding center coordinate

X=2+ 055 II; = p; — Q4;
o v — g o (conserved
Y7 0B in free theory)

X and Y commute with free Hamiltonian, but:
1
QB

- eigenstates can be labeled only by either X or Y

X,Y] =

uncertainty relation

(e.g. in Landau gauge, X=p /QB -> p, is conserved )
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Neutral mesons

co-moving
Neutral states are special :
R e 1
Q? . . i
" AN ,_’,' \\ , , S - —
‘\'L’:::}\\l fOVC@ f\\_—/ll [X T X 7Y — Y ] _ B ( Q + Q, ) — 0 !

- one can label eigenstates by 2-continuous parameters :

X-X" & Y-Y’' (conserved)

quark & antiquark co-move with fixed guiding center separation
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Neutral mesons
co-moving
Neutral states are special :

o ) i e
Q? force 17 0 — b = A= (Q Q’) 0!

oy

- one can label eigenstates by 2-continuous parameters :

X-X" & Y-Y’' (conserved)
quark & antiquark co-move with fixed guiding center separation
Specifically, in Landau gauge ;

pytp, B v_yr_ Pttt B

@B QB QB QB
guiding center separation - O( P perp /B)

X~ A==
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Structure of 2D interaction /

coordinate space guiding center separation

N

2D 4D N |

B P
WIJ:L’(TL; P_J_) =Cp |27:| / DLL’(TL;'FL) e_T(”_&)
T
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Structure of 2D interaction /

coordinate space guiding center separation
2D 4D "y
|B¢| — g\ 2
F oo e B T
Wi (re; PL) = Cr 2 Dpp(rp,7i)e” 2 (Futz)
T Jry IX-X'| ~ P/B
[ N _2
Contact int . Dcontact(f) ~ QCD ) (f‘)
| Bf| _ B very strong at large B

AéCD P,.., > B2 decouple
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Structure of 2D interaction /

coordinate space guiding center separation
2D 4D "N
|B¢| N
f , _ | By| >\ a— - (FL—
WLL/(’I“L,P_L) — CF 5 DLL/(T'L,TL)G 2 (rl &2
T Jr |X-X’| ~ P/B
Contact int : D ontact(7) ~ —Agep 6(F)
|1Bf| - B3 very strong at large B
= Wcontact(TB; P_L) = — A2 ! g (5(7‘3) 1/2
QCD P,.., > B2 decouple
. . linear o 2 2
Linear potential : D" (1) = B+ 7
27‘(’0}7

- B-dep. drops off
—> Wi(rs; PL) ~ 0\/7’§ + (£1)2

- until P,,,., ~ B/Nqcp
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Spectrum : results of long-range forces

2
i ~ \/ neutral ) 2 2 3 PJ- L
Ens,ﬁl(Ps) — (Mns ) + B +clAQCD |B|? 3l
nearly B-indep. P erp-cOrrection
A B (atsmallP,,)
‘1“, radius ~ |eB| 12

A
: -1

v

distance ~ P .,
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Spectrum : results of long-range forces

2
£ ) tral) 2 2 3 B e
B (Py) o~/ (Mzswimt)® 4 PR 4 cihop Bt
nearly B-indep. P erp-COrrection

More states at low energy
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Spectrum : results of long-range forces

2
ff ~ \/ neutral ) 2 2 3 _P-L s
Ens,p.J_(PB) — (Mns ) + P3 +ciAgep | B|? i
nearly B-indep. P erp-COrrection
HRG
I:)thermal

More states at low energy More pressure at given T
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Percolation & chiral restoration

AP . . P tend to cancel

~(rby)r = om ¢ i om / ‘1:
1
~(ss)r= O‘ZZ 5mf eBn(P)/T _ |

rp

thermal

steeper
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Percolation & chiral restoration

AP . P tend to cancel

~(rby)r = om i om / ‘1:
1
~(Uss)r= O‘ZZ 5mf eBn (/T _ |

—(Ysy)

rp

thermal

steeper . steeper
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Percolation & chiral restoration

51 AR 1 v P tend to cancel

~(rby)r = om i om / ‘1:
1
~(Uss)r= O‘ZZ 5mf eBn (/T _ |

—(Ysy)

rp

thermal

steeper . steeper

earlier percolation ~ earlier chiral restoration

( HRG description of inverse mag. catalysis )
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Summary

* QCD in strong magnetic fields

- A new regime to study non-pert. aspects of QCD

* The quark mass gap, chiral condensates, meson spectra

-> highly depends on the properties of interactions,
especially on the range of interactions

* The long-range interactions allow
stronger fluctuations in quark and meson sectors

-> help to understand the inverse magnetic catalysis

* Outlook : more detailed quantitative studies



Backup



Phase fluctuations

vi vi
S 5
T T
<10> #0 o=
(e") # 0 (SSB) (e"y = 0 (No SSB)

IR divergence in (1+1)D
*Phase fluctuations belong to:  phase dynamics

Excitations ground state properties
(physical pion spectra) (No pion spectra)
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LLL mass gap : 3-distinct contributions

1) Coupling with [ > 1

“Perturbative”
hard
/ under control for

/'i\l =0 leB| > (0.1 — 0.3) GeV?
5‘ ;‘ & very small B-dep.
N=LS hard LLL T.K., Nan Su (2013)
2) Coupling with 15t LLbut | = (0 {/ m(G?)
~ A
soft |€B|2 Aeb

LLL hard LLL LLL LLL



19/29
LLL mass gap : 3-distinct contributions

3) Couplings within LLLs

soft Everything must be treated
soft “Non-perturbatively”
LLL LLL LLL
' N

Natural framework - Schwinger-Dyson eq.
with
Non-perturbative “ force ”

e.g.) full gluon propagator x full vertex for quenched QCD
\_ y
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Example) a toy model study

“Linear rising ” potential for color charges

(O Sstring tension
(P?)?

* Motivated by Coulomb gauge studies.

(ref: Gribov, Zwanziger)

D,uz/ — CF X Gu0dvo X

 The model has “ IR enhancement ”.

= Confining, in the sense that
“No qqg continuum in the meson spectra.”

= Oversimplifications : No 1/p? tail, No color mag. int., etc.

= We will solve eqs. within “ rainbow ladder ”
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Schwinger-Dyson eq. for the LLL

e.g.) scalar part

M(pL):/ SLLL( L—a; M)y ®
qar

( N

2
/ e~ 751 DAP(q)
q.l

for large B

o0 5 OE€ 2|eB| i_ o)
/Odq @ = 7 5758

QJ_ —I_qZ

\.

(confining in 2D)
The B-dependence dropped out, and we get

4 )
O

M(pL)’:/ 0 StrL(Pr — qr; M) 7o X —
qaL q

Z

SD-eq. for ‘t Hooft model (QCD,) in A, =0 gauge

(the Bethe-Salpeter eq. can be also reduced to QCD,)
\. Y,
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Bethe-Salpeter eq. for the LLLs

Consider meson currents for which
both quark & anti-quark can couple to the LLL states.

(Some currents CAN NOT, see next slide.)

_ long time LLL
— =
I M C M

Dim. reduction can be carried out in the same way :

Both total & relative momenta are indep. of trans. momenta.

B
* Quark & anti-quark align in the z-direction. I g
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Implications for dense QCD ?

Physics of
the LLL

I Fermi surface

Physics near the
Fermi surface

Similar modulo Fermi surface curvature
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What’s new? : History
1) ChSB in mag. fields (concept): 1989 -
Klevansky-Lemmer (89), Suganuma-Tatsumi (90),

Gusynin-Miransky-Shovkovy (94-), .... ( for NJL, QED,...)

( Not specific to QCD, “universal aspects” of fermions at B )

2) QCD in mag. fields (paradigm shift) : 2007 -

Kharzeev-McLerran-Warringa (07), Fukushima-Kharzeev-Warringa (08),..

( QCD topology & Its phenomenological applications )

3) Lattice studies on ChSB & Deconf. : 2008 -

Buividovich et al. (2008) (quenched)
D’Elia-Muckherjee-Sanflippo (2010) (full, heavy pion)
Bali et al. (2012) (full, physical pion)
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Problems 3: Lattice vs Models

Heavy quark potential (T=0)
Lattice, (2+1) phys plon (Bonatl et al, 2014)  — |eB|
| | ' T
09+ _ -
o Bo4 XY V(R) ~ GR [ o - 10 % enhancement
08 A B=24 XYZ ,,%’ :
v B=24 Z ~ -
-7 ,;«é ,”
07} oA T .
,a; ////:/:0/ ,«’ \
E 06 NP —_—
> B |
" osf ga%’:‘j:'/ |leB|=0 - leBl
e
041 z;;?" .
0_3&/"? |eB|=0.7 GeV? 6 -> 10 % “ reduction ”
| | L

R A
hard to explain if M ~ [eB['/? (models)

( because back-reaction is suppressed )



E E B o A I | I B B | I | I D B |

| B:less thermal screening
- 7o ii E ﬁ

4.11
&

- E : more thermal screening

KA HH

4.1
e *ﬁﬁ

_ 2
S$1

e 62
- 82

- =189 MeV
4.09

| O B R | I | L1 1 I 1 . 3 1

Ez

Ax, Ay |
B— —
aniso. <
Az, AT
A0, AT —
B— —t
aniso.
AO,Az -

0 8ks,
Not much reduction...? 2
because UV contributions dominate? eB (CeV )



Wilson, kappa
without corrections

@® Wilson, kappa
with corlrections

1 2 3
eB [GeV?]




E)(B) [GeV]

0.6

0.5

0.4

0.3

overlap [arXiv:1411.4284]

staggered &
Wilson —e
4
: - ®
2 ® e
0.5 1 1.5 2 2.5
eB [GeV?]

mpi = 580 MeV at eB=0
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Field theory bases : fermion part

“Ritus bases for non-int. fermions at finite B “

1) Choose the gauge for EM fields : e.g.) A5" = Bx
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“Ritus bases for non-int. fermions at finite B “

1) Choose the gauge for EM fields : e.g.) A5" = Bx

(o:: spin)

2) Apply “spin projection” :
Vi = Pitp Py =

1 £iv1y2sgn(esB)
2




6/33
Field theory bases : fermion part

“Ritus bases for non-int. fermions at finite B “

1) Choose the gauge for EM fields : e.g.) A5" = Bx

2) Apply “spin projection” : (02: spin)
1 £+ iv1v2sgn(esB)
e = Pyt P, = 2 f

3) Expand by proper spatial wavefunctions :

d2p dp p —ip2x2 —iprx
wi(x) - Z/ (25032 wpr@L) H, (331 - EZ) g~ P2¥2 g PLTL
[=0

Harmonic oscillator w.f. with

prL = (pOapz) mw = |eB)|



7/33
Field theory bases : fermion part

The action for the LLL (n=0): Y = ¢f0

S = / @) Tt mxm(e) (No B-dep. !)
for the n-th LLs : Uy = wfn + ¢l_= n—1

S = | nga(oe) (it + isgn(eB)VEnleBly + m) bpn(pr)

Pr.p2
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Field theory bases : fermion part

The action for the LLL (n=0): Y = ¢l=0

OLLL = /pp Xp. (PL) (=P W( No B-dep. !)
for the n-th LLs : Uy = Qpﬂr:n + ¢Z_= n—1

SnLL, = lzn D2 (pL) ( ip; +isgn(eB)v/2nleB|y, + m) Un.p, (pr)

Pr.p2

The propagators : diagonal

<¢n,pz (pL)"En’,pg (p'L)> = Sg,D(PL) X Opp0(Pg — p'z)52(PL — 1)

ll 1/

(1+1)-dimensional for each index
( depend only on p, )
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“Enhanced” IR phase space for quarks

higher LLs

density
of states

(for p,=m=0)

2 2|eB| 4|eB| p;?

AQCD

Larger B - More quarks can stay at low energy.

f ™
* Enhanced ChSB ~ Magnetic Catalysis

—

= Screened gluon dynamics
\ y,
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Important formula

“Ritus bases”

<"Z(37 >4D I;fl pL( 1) tr -SLLL pL +Z LL(pL
4 | ‘ N
eB
< >4D <¢ zL) wL)>£
(degeneracy factor)

\_

Intuitively,
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Examples

chiral condensate

B o = Ll (Bl p(ar)

degeneracy dynamical
( universal ) contents

gluon polarization o,leB|
(perturbative screening) 1

LLL wzE) < Mo(B))

eB|x = %

2 2

degeneracy q_2 (Mq (B) < qll)
( universal ) — I

LLL (Miranski-Shovkovy 02)

(naively) Both quantities are enhanced by B
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Couplings b.t.w. different LLs

Sint = /@(x)wtaw(x) AZ(x) 4D Gluons couple to different LLs.

plane wave bases

Different bases

Ritus bases
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Couplings b.t.w. different LLs

Sint = /zﬁ(x)wtaw(x) AZ(x) 4D Gluons couple to different LLs.

plane wave bases

Ritus bases

“form factor”

4
/4

.

Al =11

/""\\ l’;_-lsy
— / ki \\ \\Z-I’ k2 /4| B|
Il I (kJ_ X | [ e L/HE
> ’ ) ‘\\2|€BLI'
A Y 4

S

~
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Couplings b.t.w. different LLs

Sint = /@Z(x)%taw(x) AZ(x) 4D Gluons couple to different LLs.

plane wave bases Ca form factor” Al = |l — l’\\
AN lg_-l\
I (k1) I'/ k1 \‘. '\~-’e_k_2L/4|€B|
’ ‘\\2|€Bl/’
/

For Al # O processes :
small overlap with soft gluons

(Only Al =0 process are dangerous )

Ritus bases
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LLL decoupling from hLLs

'I_

2 \\%
“form factor ” I, ,(k,) (2|kJ]-3|) <=’ ,—k? /4leB)|
(&
Al =0 (LLL-LLL) A3 _

]
IR gluons couple \llo 8

Al#0 (LLL-hLL)
IR gluons decouple \O'

P .'1 - |
0 U5 1 D 2 2> 3 3.5

4
IR k1/2|B| uv

- In QCD, the LLL tends to decouple from hLLs at large B.



o(B) / 0(0)
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Impact on gluon sectors

String tension

(Latl'ice, Bonati et al. 16)

hLL

|

1+

05

1

*"% 30%
“y
<
A a=0.0989 fm (XY) %/Z%

A a=0.0989 fm (Z) /

~ 50%

| 1 |

/
/
/

/

//

|eB| _

R0

N\

T " T 7 Ax ) Ay
7 3.
. (Ex ) Ey)

. ‘%

LLL

LLL
AO ’ AZ

<
(E.)

//, 77,

1 2
eB [GeVZ]

4

LLL

LLL is light & phase space o |eB|

-> more screening of A, A, (& E,)
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Comparison of forces, 3

Suppose: QCD force has stronger “IR enhancement”

2

q
/ e_ﬁD4D(QL, QJ_)
q.1

r ™
Forsmallq,., ~ Aqgp:
_ 4
wecanset: o7 2[eB] ~ ]
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Comparison of forces, 3

Suppose: QCD force has stronger “IR enhancement”

2

q
/ e~ 751 DA0(g,, q,)
ql

f ™
Forsmallq,., ~ Aqgp:
7]
wecanset: o™ 2[eB] ~ |
\. y,

~Aqop 2 14D
~ / dg LD (q Lsq L) + small B-dep. corrections
0
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Comparison of forces, 3
Suppose: QCD force has stronger “IR enhancement”

2

q
/ e_ﬁD4D(QL, q.)
q.1

-
Forsmallq,., ~ Aqgp:
_ 9l
wecanset: o 2[eB] ~ ]
\.

~Aqop 2 14D
~ / dg LD (q Lsq L) + small B-dep. corrections
0

The dominant part ™ M ~ AQCD

“nearly B-indep.”



21/33
Our scenario

Mq ~J AQCD (instead of |eB|/2)

phase space increases as

~ |eB| Naco

“Enhanced” thermal fluct.

-------------------------

150

Linearin B - 140 “Inverse” Mag.

(Lattice) _ catalysis
1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 1 I 1 1 1 I 1 1

0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
eB (GeV?) eB (GeVv?)




Bethe-Salpeter equations for LLLs 29133

BS-eqgs can be dimensionally reduced from 4D to 2D

q+P/2 q+P/2 . k+P/2
P S— ,'I —€
LLL P L LLL P
- C]-k | ]
LLL LLL '
g-P/2 q-P/2 - k-P/2
2D effective interaction
‘ (@) —F])*

I ) \\ -
~ -

~ oy
J— \ss ##

Vg) (g3 — ks; Pl) - / {'\:eiH(Q‘l—E_L;ﬁl}/‘l‘,e—_AZIe_B.lL_ Vi (@ — E)
k

form factor
“Schwinger phase “

Again, B-dep. arises only from 2D effective interaction
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Spectrum : results of long-range forces

2
i ~ \/ neutral ) 2 2 3 PJ- L
Ens,ﬁl(Ps) — (Mns ) + B +clAQCD |B|? 3l
nearly B-indep. P erp-cOrrection
A B (atsmallP,,)
‘1“, radius ~ |eB| 12

A
: -1

v

distance ~ P .,



27/33
2-body problems : Hall drift
Q=-0

Q=0
(e.g. neutral mesons) (e.g. di-electrons)
co-moving X
--~._ / rotation
(T )
[ A SN
oo () 2 | T }
\\\\\\ 1 I"\\\~ _:\‘(l
\ LT
1 \ S
1 S’
1
1
1
h 1
)
distance conserved

center conserved
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Classification of states

Up Ung d¢ cﬁ can couple to LLL

The possible states (saturated by LLL only):

Ty Pp(s=0)  Ps,=t1)  p[s,=1) ..etc

G.S. can be saturated by LLL only - light



e . 24/33
Classification of states

Up Ung d¢ cﬁ can couple to LLL

The possible states (saturated by LLL only):

Ty Pp(s=0)  Ps,=t1)  p[s,=1) ..etc

G.S. can be saturated by LLL only - light

uy U, d+ dy  mustcouple tohlls

T, p,(5,70) p.(s,#+1) p.(s,#1), ..., etc.

contain hLLs - mass grows as [eB [/
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Classification of states

Up Ung d¢ cﬁ can couple to LLL

The possible states (saturated by LLL only):

Ty Pp(s=0)  Ps,=t1)  p[s,=1) ..etc

G.S. can be saturated by LLL only - light

uy U, d+ dy  mustcouple tohlls

T, p,(5,70) p.(s,#+1) p.(s,#1), ..., etc.

contain hLLs - mass grows as [eB [/



3 T
n: [
25 gg —e— po (SZ=+1) e
’ - /’/T;;f’g
o L -

p+ (Sz=+1l gt |

8 -

= g

I,

—8

1 1 1
0 1 2 3
eB [GeV?]

1
4

Lattice results (quenched only)

Hidaka-Yamamoto 12

Wilson fermion

problems at large B?
( see Bali et al. 1510.03899 )

25/33
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Lattice results (quenched only) /

3 T T T T T
25 [ % o 0, (s,=+1) 1 Hidaka-Yamamoto 12
o | T 1 Wilson fermion
T, i N
\\
=+ P
P+ (SZ_.l)»- L problems at large B?
S - ( see Bali et al. 1510.03899 )
0 1 1 1 1 L
0 1 2 3 4 5 6
eB [GeV?] .
Luschevskaya et al. 15  overlap fermion
- " mg=34.26 MeV: 16%, a=0.105fm —o— é -~ mg=34.26 MeV: 167, a=0.105 fm —e—
0.65 18% a=0.105fm —a— | 1.2 187, a=0.084 fm —&—
184 a=0.115 fm —&— ) 18;, a=0.095 fm —&—
0.6 18%, a=0.125 fm —6— - @ 18, a=0.115 fm —&—
g 1 18", a=0.125 fm —4&— -
0.55 ] ®
05 (i) 2 0.8 | R
0.45 | @ - g _
s T | 06| o8  Po(s,=0)
ol @%Eé A g Saturaton 7 © saturation
i A i <
0.35 B __A _________ ; ______ : 0.4 | ﬁ@%@ QE? @ -
0.3 = . A Q"'tm'g'm'@’"'“s-;>
0.25 1 ' l l : ' n x 0.2 :
0 1 2 3 4 5 6 e 8 9 0 1 2 3 4 5 6 7 8 9



