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Motivation

Double-copy (DC) — one of our best tools.
Want to do it off-shell.

Selling points
1. BEasy: Would make DC trivial
2. Explain: Would help explain why DC works
3. New: Could DC new, off-shell quantities




Theories with some amount of manifest
color-kinematics duality:

e Self-dual Yang-Mills (SDYM)
— tree level, vanishes on-shell

e 3D Chern-Simons theory
— loop level, topological

e Non-abelian fluid — tree
level

e Non-linear sigma model (NLSM)
— tree level

Still more to learn



This talk

Pion-like theory in 2D that is
e interacting
e manifest color-kinematics duality
e all loop orders/off-shell /Lagrangian-level



NLSM review

Chiral current j,/

(1) F&0) = 0pdg + fop Giidy =0

Pure gauge, implicitly defines pion, field basis
indep 7, = 19 10,9

(2) o¥5f =0

Chiral current is conserved, Lorenz gauge, pion
EOM 0(g1dg) =0



Cubic EOM with manifest BCJ

Combine (1) F =0and (2) 95 =0
[l + fap ©7270v = O
Manifestly satisfies kinematic Jacobi off-shell at

tree level. Related construction for YM. Yields
formula for numerators for NLSM & YM



Two dimensions

Easy to satisfy (2) 9,7" = 0 in 2D by dualizing
chiral current 7" = e"0y¢$ = 0"} where
o* = e*o,.

Dd)c B s caud)aéud)b -0
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Unlike NLSM, this EOM can be integrated to
get the Lagrangian for Zakharov-Mikhailov
(ZM) theory

Lzy = %aud)aau(ba SF %fabcd)aaud)béud)c



Feynman rule

Lom = %aud)aaud)a + %fabcd)aaud)béud)c

Define () = €,p!p}

Secretly Bose sym off-shell (12) = (23) = (31)



Key step: check off-shell Jacobi

CsNys + Ci Nyt ‘I‘ CuTly

S t U

Color-stripped vertex ~ (i) = €,vp} p;
Off-shell Jacobi

ns + ng + ny, = (12)(34) + cyclic(1,2,3) =0

Just Schouten identity.
ZM manifest BCJ to all loop orders.



Selling point (1): Easy

Read off replacement rules from Ly

ve —
fpcVeW® — 3, Vo*w
o A J VW,

Double copy literally reduced to a replacement.

Lpas — Lzm — Lse



Double-copy replacement
fpcVewd — 9, Vorw

Lras = 20,Paz0" % + L farcfoz P2 H D

<—

Lzv = %aud)aaucba oy %fabcd)aaud)béu(bc
!
Lsg = 30,0 + 2:$0,0v$0"0" ¢



Selling point (2): Explains

Kinematica algebra is area-preserving diffs on

torus (Poisson). Isomorphic to large N limit of
color algebra U(N)

lim U(N)~ Diffgiyg:

N—oo



Selling point (3): new
interesting things



Masses & Higher Dim Ops

Masses
Masses are fine, only affect kinetic term

Higher dim ops

ZM? = special Galileons are secretly free in 2D

No worries, infinitely many higher dim ops
double-copy



Higher Dim Ops Continued

Can double-copy any operator except
1. No closed color loops
2. No multiple color traces

because gop VEW? — [ VIV.

Example ¢*:

OBas = favef cdefaggfzggd)aad)bgd)czd)dg
OZM = fabefcdeaud)aéud)bavd)cévd)d
Osg = 0,,0,$0"0¥$0,0,$p0°0° .



Moyal deformation

Moyal deformation, also in SDYM

fpVeW? = 03,VO*W (above)
Fo VW — Lsin(Z9,0w) VW (Moyal)
~ sin ((12))

Still satisfies Jacobi at full off-shell Lagrangian
level



Integrability & Wilson line

e ZM known to be integrable
e Lax pair formed from Wilson line
e Infinite tower of off-shell currents

e Everything double-copies to SG via
replacement rules

Similar story for SDYM



Details of currents 1/3

Color — diff

V=V*T, — V=9,Vo"

[VeT, WPT,) = f,, VWP,
—  [0,V0", 0, Wd"] =0,(d, V0" W)o"

c.f. £ VEW® ER ORIV



Details of currents 2/3

1 b
A = ﬁ(aquL?\auQ)
F,=0

Wio) =Pexp |- | dota (o)

—k 7(k
=) ALY
k=0



Details of currents 3/3

Example ZM currents

Double copy to SGV = V¢T_ —V = aqu)“

I =08,0,¢0", 1P =0,08,¢$3" +0,0,$ 370,$d°

“p

Can do the whole tower (closed form)



Numerical double-copy!

() T® = j Pp € Tydss(p)

Discretize, take N = 499 large
Double-copy from SG to ZM (backwards)

KLT: Agg ~ s" 3 AyyAyy + ...



Collide two SG Gaussian wave packets.
Plot ZM sol projected onto 3 , Ty.

_1[¢1 ¢ ] ¢ﬂ_¢x\'_i[¢ts¢x]

S




Collide two SG Gaussian wave packets.
Plot ZM sol projected onto } , T).

PP

Su—9. —i[¢1,¢:] Su—Prx—ilPrpx]




Overview

Manifest color-kinematics duality for 2D
“pion” at Lagrangian level

Double copy is just replacement

Kinematic algebra is diff algebra
e Color-kinematics duality — Hoppe

Double copy masses, higher dim ops,
Wilson lines, numerical solutions...



Thank youl



	anm0: 
	0.230: 
	0.229: 
	0.228: 
	0.227: 
	0.226: 
	0.225: 
	0.224: 
	0.223: 
	0.222: 
	0.221: 
	0.220: 
	0.219: 
	0.218: 
	0.217: 
	0.216: 
	0.215: 
	0.214: 
	0.213: 
	0.212: 
	0.211: 
	0.210: 
	0.209: 
	0.208: 
	0.207: 
	0.206: 
	0.205: 
	0.204: 
	0.203: 
	0.202: 
	0.201: 
	0.200: 
	0.199: 
	0.198: 
	0.197: 
	0.196: 
	0.195: 
	0.194: 
	0.193: 
	0.192: 
	0.191: 
	0.190: 
	0.189: 
	0.188: 
	0.187: 
	0.186: 
	0.185: 
	0.184: 
	0.183: 
	0.182: 
	0.181: 
	0.180: 
	0.179: 
	0.178: 
	0.177: 
	0.176: 
	0.175: 
	0.174: 
	0.173: 
	0.172: 
	0.171: 
	0.170: 
	0.169: 
	0.168: 
	0.167: 
	0.166: 
	0.165: 
	0.164: 
	0.163: 
	0.162: 
	0.161: 
	0.160: 
	0.159: 
	0.158: 
	0.157: 
	0.156: 
	0.155: 
	0.154: 
	0.153: 
	0.152: 
	0.151: 
	0.150: 
	0.149: 
	0.148: 
	0.147: 
	0.146: 
	0.145: 
	0.144: 
	0.143: 
	0.142: 
	0.141: 
	0.140: 
	0.139: 
	0.138: 
	0.137: 
	0.136: 
	0.135: 
	0.134: 
	0.133: 
	0.132: 
	0.131: 
	0.130: 
	0.129: 
	0.128: 
	0.127: 
	0.126: 
	0.125: 
	0.124: 
	0.123: 
	0.122: 
	0.121: 
	0.120: 
	0.119: 
	0.118: 
	0.117: 
	0.116: 
	0.115: 
	0.114: 
	0.113: 
	0.112: 
	0.111: 
	0.110: 
	0.109: 
	0.108: 
	0.107: 
	0.106: 
	0.105: 
	0.104: 
	0.103: 
	0.102: 
	0.101: 
	0.100: 
	0.99: 
	0.98: 
	0.97: 
	0.96: 
	0.95: 
	0.94: 
	0.93: 
	0.92: 
	0.91: 
	0.90: 
	0.89: 
	0.88: 
	0.87: 
	0.86: 
	0.85: 
	0.84: 
	0.83: 
	0.82: 
	0.81: 
	0.80: 
	0.79: 
	0.78: 
	0.77: 
	0.76: 
	0.75: 
	0.74: 
	0.73: 
	0.72: 
	0.71: 
	0.70: 
	0.69: 
	0.68: 
	0.67: 
	0.66: 
	0.65: 
	0.64: 
	0.63: 
	0.62: 
	0.61: 
	0.60: 
	0.59: 
	0.58: 
	0.57: 
	0.56: 
	0.55: 
	0.54: 
	0.53: 
	0.52: 
	0.51: 
	0.50: 
	0.49: 
	0.48: 
	0.47: 
	0.46: 
	0.45: 
	0.44: 
	0.43: 
	0.42: 
	0.41: 
	0.40: 
	0.39: 
	0.38: 
	0.37: 
	0.36: 
	0.35: 
	0.34: 
	0.33: 
	0.32: 
	0.31: 
	0.30: 
	0.29: 
	0.28: 
	0.27: 
	0.26: 
	0.25: 
	0.24: 
	0.23: 
	0.22: 
	0.21: 
	0.20: 
	0.19: 
	0.18: 
	0.17: 
	0.16: 
	0.15: 
	0.14: 
	0.13: 
	0.12: 
	0.11: 
	0.10: 
	0.9: 
	0.8: 
	0.7: 
	0.6: 
	0.5: 
	0.4: 
	0.3: 
	0.2: 
	0.1: 
	0.0: 


