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FSi QCD in magnetic Fields

» Relativistic heavy-ion collisions produce
strong magnetic fields

1013 - 10!° Gauss (/|eB|~ 100 MeV)
* Quark matter may form inside magnetars
1014 - 1016 Gauss (/|eB|~1 MeV to 10 MeV) //

» Strong magnetic field 1s an instructive

theoretical tool to study confined gauge
theories such as QCD

Credit:;Scientific American

= 10 Gauss (/|eB| =100 MeV to 10 MeV)
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S QCD in magnetic field

* QCD 1s strongly coupled & nonperturbative

» There are theoretical tools that provide insight
— High-energy (weak-coupling) expansion

— Large N, expansion

— High temperature limit (T > Aqcp)
— Lattice QCD

» Strong magnetic field B 1s yet another tool

— 1t probes physics at short distances £~1/,/|eB]|
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FSU Running coupling & confinment

e Coupling constant in QCD runs with the energy scale,

1 u* 11 N.—2Ny
~ pln——, where b =
as(u) Aoep 127
— _l T | T T T I T 17T I I I T T T LI I ]
3 % 0.24 :_ CMS incl. jets : aS(M )=0.1185 é’:gf: _:
~ 3  0.22F A  CMSR, -
én m CMS tt cross section 7
0.2 E I i CMS inclusive jets _:
0.18|| 4 —
0.16 —]
0.14 —
0.12— —
0.1— . Doinclusive jets —
— o DO angular correlation _
0.08— o H1 =
0.06 | ZEUS ] Arxiv: 1410 6765 =
HER . . . . T | TR N I ] ] T T T B | ! ! IR !
10 10° 103
Agcp K Q (GeV)

e The question 1s: What happens 1n a strong magnetlc field?
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FSU  QCD ground state at B — 0

« Lagrangian density of QCD in an external magnetic field

1 - .
L = — EFA”VFMI?/ + l/Jf(ly'uDu)l/)f mass Mev Z:%/ E/3>2t6ev

rext name — up charm top

where D, = 0, + igAj1%/2 + '

4 8] MeV 104 MeV 42 GeV

» |- -3 Y3
Ff = 0,A% — 0,47 + gr2oeazas Thd S [0

down strange bottom

e The global chiral symmetry of the model
SUL(N)XSUR(N,)XSU (Ng)XSU (Ng) XU~ (1)
J J

N~ Y - Y Y
chiral symmetry chiral symmetry anomaly-free combination
of up-flavors of down-flavors of U,ﬁ”) (1) and U,ﬁd) (1)

* Quark masses m, # m,; #0 break the symmetry down to
SUy (N, )XSUy (Ng)
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EsU QCD at [eB| » Apep

* Energy scales in the problem at hand

confined Magnetic catalysis in weakly
gluodynamics, coupled QCD and strong B-
glueballs field, strong gluon screening
O AQCD mdyn V |eiB| =
e - —
\ & ~ J
- ~ T
| pure (anlsptroplc) gluodynamics, deep-UV region with asymp-
all massive quarks decgupled, totic freedom and weak B-field
U 1 MZ
~ py In ~ b ln
a.(u) 0 Aé cD as(u) Ajcp

N /
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FSU  Running a; in QCD at strong B
* In deep UV region, a, 1s not atfected by B-field

s

AQCD Tnidyn \/ |€IB|
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FSU Schwinger-Dyson equation

* The general form of the equation 1s similar to that in QED

G~ (x,y) = Gyt (x,y) + dnag yHTA G(x,y) v'T? D (y — x)

Note: G~1(x,y) and G(x,y) have same Schwinger phases!

e Screening effects are included via the polarization
function in the strong field limit (y/|eB| > Aycp)

Ny

AB.uv . ¥s oAB [1uv 2 _uv |eqB| 2 2
P o 8% (ki — kig );—mg - for fky| < my
Ny
Py ~ %S 5B (Ki'ki — kigt) ) leaBl — for 2 < k| < |eB|
— T I 8 n q [
q:
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FSi

Screening masses: lattice

» Electric and magnetic screening masses on the lattice
grow with the field [Bonatietal. Phys. Rev. D 95074515 (2017

d
Me _ 4
T E

d
1 T Cl;E

e| B

——atan

T2

CS;E e| B

d 2
Cl.E T

(and a similar expression for the magnetic one)

I T A l | I — T T T I
8 m T=200MeV (XY) <1 14 W T=200MeV (XY)
O T=200MeV (Z) | O T=200MeV (Z)
® T=250MeV (XY) - ® T=250MeV (XY)
O T=250MeV () 1 B 0o T=250Mev (2)
7 & T=330MeV (XY) T - & T=330MeV (XY)
O T=330MeV (Z) 12 © T=330MeV (Z)
S % e |
p o7 1l =
8 ol L
10+ =
5 h 9 _
8 Ny
| | | | | | | | | | I ! I I l I l l | l
0 4 8 12 16 20 24 28 32 36 0 4 8§ 12 16 20 24 28 32 36
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FSU  Expression for dynamical mass

» In the region my,,, < |kjf| < |eB|, which is most relevant
for the fermion-pairing dynamics, the gluon has a “mass”

a a
Mzz—SE B| = — (2N, + N,) |eB

* Rigorous SD analysis (with higher-order diagrams under
control) can be performed by using a special non-local
gauge for the gluon propagator

* The final result reads,

2 2/3 4N, 1
m? ~ 2C;|e,B| (c,a5)”” ex
q 1| q I ( q 3) p |: O‘S(ch — ]) ln(CZ/ans)]

where C; = C, =1 and ¢, = (2N, + Ng)le|/(6T|eq])
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ESU Quark mass vs. B

* Quantitatively, dynamical masses are (/|eB| > Aqcp)

100k a, = 0.1 > =0 ol
S 10}
<
Sﬁ 1
AQ
QO
S
= 01H """ my [Nuzla Nd:2] -
s ! —— g [Ny=1, Ny=2]
i e === my [N,=2, Ng=2]
0011 mmm= my [N,=2, Ny=2]
U i

2
In(leB|/Agcep)
[Miransky & Shovkovy, Phys. Rev. D 66 (2002) 045006]
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FSU Chiral condensate 1n lattice QCD

| I I | I 1T 1 I L L I | B | I LI I | I |

- & 0=0.29 fm i

N - T 0=0.215 fm _
1 a=0.15 fm —

™~ . T 0=0.125 fm ;
3 - £ a0=0.1 fm 2 -
A - I cont. limit _
+ - _
oF 0.5 _ —
1 - 2p = Yrhy X Mayn,s -
- /' T=O -

- o _

:ﬁ'.:é |

O _l | | I | | ] I | | | I | | | I | | | I | | |

0.2 0.4 0.6 0.8 1
eB (GeV?)

[Bali et al., Phys. Rev. D86, 071502 (2012)]
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FSU Nambu-Goldstone bosons (pions)

* Original global chiral symmetry

SUL(N)XSUR (N )XSUL (Ng)XSUR (N ) XU (1)
breaks down to
SUy (Ny)xSUy (Ng)
* Thus, there should be (N2 + N2 — 1) massless NG bosons

* The unitary pion fields can be written in terms of the coset
space generators

_ -~ Ni-1.4_A _ . —Ni—1,4_4
2, = exp (1 ZA:] AT, /fu), 24 = exp lZAz] ATl [fd
and X = exp (iﬁﬁ/f)

* In a very strong magnetic field another light pseudo-NG boson,
associated with anomalous U, (1), may appear

June 26-28, 2017 The 15th International Conference on QCD in Extreme Conditions (XQCD 2017) 13



FSU Low-energy action for NG bosons

* The low-energy effective action should have the form

LN = %tr (g0, Zudy X + vigl 8, 2ud, X]) + -

* The pion decay constants are defined by

B AB [ 4k s g
[ (P)>=P“fn6 = —i (Zﬂ)4tr Yy — Xq (k, P)

Al A4
{{o|dyiys v

where PF = (Po,viﬁl,PB)

* The Bethe-Salpeter wave function looks like in QED in LLL
approximation. So, we find that v¥ = 0, and

d?k, d?k k2 m;
fq2 = 4N, = exp (— L ) 5 d
(2m)* legBl J (kij + mZ)?
which can be easily calculated, giving
2 _ NcleB| 2 _ NcleB|
fii = orz  and fa = 1272
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FSi Far IR region, |k{ \Nlmczlyn

* Massive quarks decouple from the low-energy dynamics
0 Agcp Mayn eB| 0
E

e Gluons are the only “light” degrees of freedom

e Assuming that AZQCD K mfiyn, the gluodynamics has a semi-
perturbative region, |k”2| < mcziyn, where

1 1 p?
— - = bO In >
a,(p) as Mgyn
here b, = Y and =~ bln liBl (Recall: b = 11NC_ZNf)
121 A AQCD 121

* Then, we find that the new confinement scale where &, = oo:

b/b,
eB N2 A
_pm Bl boln—22 = Agcp = mdyn( QCD)
QCD mdyn |eB|

June 26-28, 2017 The 15th International Conference on QCD in Extreme Conditions (XQCD 2017) 15



FSU Gluodynamics in far IR

* (Quadratic part of low-energy effective action for gluons

N2 -1
‘1 C
2 v 1% V 1%
Lot = =5 ) Au(—H) [ — kK" + e (g"K} — Kiky) [ AL o)
A=1

where the susceptibility k 1s extracted from the polarization tensor
P47 in the region |kff| < mg,,, ie.,

1/3
O ki legB] 1 Y O 4N, 1T

== 2 EE: 2 XP 2 > 1
67 ‘= M 12Cim =1 \ % as(Ns — 1) In(Gy /cqas)

* The requirement of gauge invariance allows to write down the
complete expression for the gluon action
1 NZ—1
oCglue,eff = 5 Z (Eli ] Elj_ + GE?Eé o B{‘L ) Bil‘_ o Bng)
A=1
where € = 1 + k 1s a chromo-dielectric constant (note € > 1),
E{* = F§; and B{* = 1/, &3 Fj}, are chromo-fields
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FSU Effective potential

* By using the guidance from an analogous anisotropic QED, the
static potential between a pair of quarks should be given by

gé
4-7'[\/22 + e(x? + y?)

Vix,y,z) = —

which 1s valid for a range of distance scales mc_l;n ST S /15%1)

. .”;}w‘,

 AxTry?
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FSlU Anisotropy in detail

V(r) [MeV]

* The dependence of the potential as a functlon of angle 9
between B and qq orientation [Bonati ct al., Phys. Rev. D 94, 094007 (2016)]

o(0;B)

r

V(r,0;B) = — +0(0;B)r+Vy(6;B)
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» With increasing angle 6, the string tension increases
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FSlU Nonzero temperature

* What to expect at nonzero temperature (in strong B limit)?

Ol)"QCD ﬂ Mayn l N, |ffB| o0

e L T
* Very low temperatures, T < AQCD
— @Ground state 1n not affected much

— Color 1s confined, lowest energy states are glueballs
— Chiral symmetry 18 broken (T < Agcp K Mgyp)

* Intermediate temperatures, Agcp K T K Mgyy

— Color 1s deconfined; gluons are thermally populated
— Chiral symmetry is still broken (Agcp K T K mgyp)

* Moderately high temperatures, mgy,, < T < 4/|eB|
— Chiral symmetry 1s restored (mgy, < T)

June 26-28, 2017 The 15th International Conference on QCD in Extreme Conditions (XQCD 2017) 19




FSU Predicted phase diagram

[Miransky & Shovkovy, Physics Reports 576 (2015) pp. 1-209]

170

150

T. [MeV]

110 T =
Aocn (deconﬁnement)

90

| | | | |
10 20 30 40 50

eB [GeV?]
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FSi

Dependence of 7, vs. B

strange quark number
=2 suscegptit?'ulity

average light quark
Zh condegnsotge .

$ Polyakov loop

eB (GeV?)

[Bali et al., JHEP 02, 044 (29012)], [Bali et al., PRD86, 071502 (2012)], [G. Endrodi, JHEP 1507 (2015) 173]

June 26-28, 2017
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1556 | Valence vs. sea

szol

_IllllIIIIIII__IIIIIIIIIIII_ —Illllllllln!l——llllllll

- T 0 i T i
15 [LaN=6  ® T i 0.2 I~ ¥ T 3
. — O Nt=8 T vl — A. T ~|
- o N,=10 1 | (o @ T ]
F ‘e T 7 . 0= i 3
- 15 T £ 1 §- — T ]
o
. 41 _ PN - -+ 5
- AV TN 1 <-0.2 -2 N=6 QQ—Q 3 B &
B 8 N/ o 7 | o N,=8 — 4 . -
0.5 —— — - t— T a
- T # 1 _pga4 ON=T10 T L]
B & =114 MeV:;Eﬂ T=142 MeV _ | T=114 MeV 1 T=142 MeV &'
Oﬁ111|1|11|11_|111|11||||1_ T v b bv v b ™
0.5 1 0.5 1 0.5 1 0.5 1
eB (GeV?) eB (GeV?) eB (GeV?) eB (GeV?)

[Bruckmann, Endrodi, Kovacs, JHEP 04 (2013) 112]

 Gluon screening (?)
> or, perhaps, something else (?)

* Polyakov loops (?)
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FSi

160

T. (MeV)

120

100

Supe

r-strong B: prediction

[Cohen & Yamamoto, PRD89, 054029 (2014)], [G. Endrodi, JHEP 1507 (2015) 173]

June 26-28, 2017
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FSi

Predicted phase diagram

170

150 |

T. [MeV]

110 L

90 |

[Miransky & Shovkovy, Physics Reports 576 (2015) pp. 1-209]

~e. I*
¢ }‘QCD (deconﬁnement)
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ASU Chiral matter

* Matter made of chiral fermions with »n; # ny

* Unlike the electric charge (ny + n; ), the chiral
charge (ny - n; ) 1s not conserved

dn, +n, LV 720
ot

on,-n, L. =€2E'B
ot 27m°c

* The chiral symmetry 1s anomalous 1n quantum
theory
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FSU  Chiral separation effect (u#0)
En(p3) @ — Right-handed

@ — Left-handed

Spin (s=]) polarized LLL:

* ;<0 states are R-handed

* p;>0 states are L-handed
V- | This leads to CSE:

—

5
27
[Vilenkin, Phys. Rev. D 22 (1980) 3067]

[Metlitski & Zhitnitsky, Phys. Rev. D 72, 045011 (2005)]
[Newman & Son, Phys. Rev. D 73 (2006) 045006]

u

June 26-28, 2017 The 15th International Conference on QCD in Extreme Conditions (XQCD 2017) 27




FSU  Chiral magnetic effect (us#0)
@ — Right-handed

Spin (s=]) polarized LLL:

* ;<0 states are R-handed
electrons

* p;>0 states are L-handed
positrons

» D3 This leads to CME:

_______ L
- B
<]> = ;.77]2 Us

[Fukushima, Kharzeev, Warringa, Phys. Rev. D 78, 074033 (2008)]
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£SU CMW/Quadrupole CME
» Start from a small baryon density and B;éO

(Js)- zefz

wo [B

[E_s“o V®®

* Produce back-to-back electric currents
[Gorbar, Miransky, Shovkovy, Phys. Rev. D 83, 085003 (2011)]
[Burnier, Kharzeev, Liao, Yee, Phys. Rev. Lett. 107 (2011) 052303 ]
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£SU Dirac & Weyl materials

* Na;Bi * TaAs (tantalum arsenide)

[Z. K. Liu et al., Science 343, 864 (2014)] [S.-Y. Xu et al., Science 349, 613 (2015)]

[B. Q. Lv et al., Phys. Rev. X5, 031013 (2015)]

« Cd;As,

[M. Neupane et al., Nature Commun. 5, 3786 (2014)] ¢ NbAS (ﬂlOblum arsenlde)

[S Borisenko et al., Phys. Rev. Lett. 113, 027603 (2014)] [S-Y Xu et al., Nature PhySiCS 11’ 748 (2015)]

] o
ZLrle; e TaP (tantalum phosphide)

[X. Li et al., Nature Physics 12, 550 (2016)]

[S.-Y. Xu et al., Science Adv. 1, 1501092 (2015)]

 NDbP (niobium phosphide)

[I. Belopolski et al. arXiv:1509.07465]

* WTe, (tungsten telluride)

[F. Y. Bruno et al., Phys. Rev. B 94, 121112 (2016)]

E = \/Viki +Viki +v’k?, v _= v, = 3.74x10°m/s, v_=2.89x10°m/s
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£SU Dirac vs. Weyl materials

* Low-energy Hamiltonian of a Dirac/Weyl

material @ ®
7 fd3l‘l/_J[—l'VF ()7 : I‘j) — ([; ’ )7))/5 + [9070)/5]1/}
Dirac Weyl

June 26-28, 2017 The 15th International Conference on QCD in Extreme Conditions (XQCD 2017) 31



FSi

Strain in Weyl materials

« Strains affect low-energy quasiparticles in Weyl

materials

=fd3rz/7[—z'vF()7'13)—(5+2) Yy +(19 + A, )V % ]llf

where the components of the chiral gauge fields are

A, *b,
A oc‘b

5,1

A <o

S\

B5=V><A5 and E5=—VAO—8tA5

June 26-28, 2017

b‘ I ||+/3’Eau

The associated pseudo-EM fields are

b‘au “,

al u,

—_
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ASU Chiral effects

* Any signature properties of Dirac/Weyl materials
directly sensitive to chiral anomaly?

* Some proposals:

— Anomalous Hall effect

— Anomalous Alfven waves

— Strain/torsion induced CME

— Strain/torsion induced quantum oscillations
— Strain/torsion dependent resistance

— etc.

* Spectrum of chiral (pseudo-)magnetic plasmons

[Gorbar, Miransky, Shovkovy, Sukhachov, Phys. Rev. Lett. 118, 127601 (2017)]
[Gorbar, Miransky, Shovkovy, Sukhachov, Phys. Rev. B 95, 115202 (2017)]
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ASU General question

* What are the properties of plasmons n magnetlzed
chiral material with by # 0 and b £ 07

Chiral matter (pg7#u, )

— This 1s the case in equilibrium when by # 0 (us = —eby)

Magnetic or pseudomagnetic field 1s present

In general, Ex = E + AE; and By, = B + A\B;

June 26-28, 2017 The 15th International Conference on QCD in Extreme Conditions (XQCD 2017) 34



ASU Chiral kinetic theory

. . . [Son and Yamamoto, Phys. Rev. D 87, 085016 (2013)]
¢ Klnetlc equatlon: [Stephanov and Yin, Phys. Rev. Lett. 109, 162001 (2012)]

of,  |(Ba+E(vxBy)+ S(Ey B2y Vi iy
o " 1+ (B, - )
[v +e(Ey x Q) + =(v - QA)BA} - Vefa

14+ £(Bx - Q)

where E)\ — EA—(l/e)Vrép, V = Vpép,

+ =0

€
€p = UFp {1 — Z(B)\ y QA)}

and Q= AHQ% 1s the Berry curvature
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FSU  Current and chiral anomaly

* The definitions of density and current are

d>p T e
S 6/(27rh)3 1+ 2B )] i
A = p v+ S(v- QB + e(E xﬂ)}
Jr = e (QWh);g_V (V- {3 By + e(E 2| S

d3
+er/(2ﬂg)3f,\epm,

They satisty the following anomalous relations:

apfi —|—V- . L 63 -(E,B) +(E ,B )_ V
Ot J5 = 2m2h2%c L AR

dp e’

Piv.j= E-B;) + (Es- B

5t TV = 50| )+ ( ) X
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FSU Consistent definition of current

e Additional Bardeen-Zumino term 1s needed,

3
[Gorbar, Miransky, Shovkovy, Sukhachov, Phys. Rev. Lett. 118, 127601 (2017)]
* In components, o3
5}
0P = 22 h2 c? (A”-B)
§i— —C 4B (A® x E)
! om2h2¢ Y 212 h2c

* [ts role and implications:

— Electric charge is conserved locally (9, J#* = 0)

— Anomalous Hall effect is reproduced

— CME vanishes in equilibrium (g5 = —eby)

June 26-28, 2017 The 15th International Conference on QCD in Extreme Conditions (XQCD 2017)
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FSU Collective modes

We search for plane-wave solutions w1th
E _ Ee—zwt—l—zk r’ B/ _ Be—zwt—l—zk r

and the distribution function f) = f ie(” +0fx,
where

5]()\ _ f(l) —wwt4+i1k-r

The polarization vector & susceptibility tensor:

J/fm
m . mn ’'n
P Y B

W
The plasmon dispersion relations follow from
det :(wQ o 62/{'2) oM 62k7nkn 1 4,ﬂ_w2x7nn} — 0
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FSU Chiral magnetic plasmons

Non-degenerate plasmon frequencies (@ k=0

(e
wp = Qe, wg;:gze\/ué@

where the Langmuir frequency 1s

2equp 9,9
and 0Q. = [
0 Ty S 9D +

(Bop + Bosjis)

N 1/2

Sk ()]

/

[Gorbar, Miransky, Shovkovy, Sukhachov, Phys. Rev. Lett. 118, 127601 (2017)]
[Gorbar, Miransky, Shovkovy, Sukhachov, Phys. Rev B 95 115202 (2017)]
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FSi

Plasmon frequencies, B B

—

1.010
1.005

W

o 1.000
0.995]
0.990}

-1.0
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b, = 0.2hQ, /e

[Gorbar, Miransky, Shovkovy, Sukhachov, Phys. Rev. Lett. 118, 127601 (2017)]
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FSi

—

Plasmon frequencies, B ||

b

b" — OZth/e
5y T
1.010¢ S, @ m=——- CU{;
; PR Wy -
1.005F See ,
W : Tr~ee L7
— 1.000F
Qe _
0.995¢ Bfxauby @ T=0
0.990F
~1.0 ~05 0.0 0.5 1.0
vreBo/(hQ2)
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[Gorbar, Miransky, Shovkovy, Sukhachov, Phys. Rev. Lett. 118, 127601 (2017)]
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PSU  Plasmons withk # 0.k || B, B

* The longitudinal mode 1s sensitive to §5

10003} 1/ Bos=0.5x02/(eve)

VFkn/-Q

[Gorbar, Miransky, Shovkovy, Sukhachov, Phys. Rev B 95 115202 (2017)]
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ASU Summary

* Questions remain about the competition of magnetic
catalysis and inverse magnetic catalysis

* Other properties need to be addressed on the lattice
— Nucleon masses
— Masses, spectra & decay constants of neutral pions
e Chiral anomalous effects can be tested in many branches
of physics
— Heavy-1on collisions (CME, CVE, CMW, CVE, etc.)

— early Universe and compact stars (generation of large-scale
helical magnetic fields)

— Condensed matter physics (phase transitions, transport,
collective modes, etc.)
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