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The Bloch-Nordsieck |

Photon Mass=0

- Long range interactions —No free charged fermion
propagator, “photon cloud, quasi particle”

- From any (finite) EM energy infinite number of photons
can be created

N = lim % = oo since /(0) # 0

r—0

We need to sum over all possible photon contribution! (even v — 0 when!)



The Bloch-Nordsieck Mode

Perturbation

B-N solution Resummations

Theory
An exact solution by - 1-loop - 2Pl, Schwinger-
path integral correction Dyson
Works in IR
Hard to generalize to - Breaks down in regime
more complex theory IR

A method to treat infrared physics (?)



The B-N Model ductionI

QED
L=1 (i) —m—eh)p— 2F,, FHW

Frv = ORAY — 9¥ AP

J = YO
m: fermion mass, e: coupling constant

Bloch-Nordsieck « NO spinflips

L = ¢T(iu“3u —m—eu'A,) Y — %FWFW - NO pl"S‘”O“S

utt e M* and UMU‘u =1 BN = scalar field
theory




The B-N Model ductionI

/ Free theory )
(iu"9, — m)Go(x —y) =d(x —y) (EOM)
The propagator in momentum space: (retarded)
@o(p): 1 «— Go(x —y)=0if x° <y

\ ugpt — m—+ie /
ﬁnteracting case \ No antifermions

(" (i0y + eAu(x)) — m]G(x,y|A) = d(x —y)  (EOM) é§ @
| Glx,y|A)(T exp {ie | 4(2)A(2)i:(2)dz} ), DA v

G(x.y) = -
J(T exp{ie [ 4(2)A(2)v(2)dz |) r, DA
‘3-¢) _a3-9)
A 1 1 7= : 8r2  2r
G(up) = i = e~ vIn(up—m)
k (up T m) v up —m / ¢ is gauge fixing parameter




=g - + 1&1 +

Expand by the coupling :

Divergent loop-integral (in Feynman gauge, £=1):

d* k i —ig
= (— 2 % v KV — _'Z

* The self-energy of the fermion
* Dimensional regularization
* Special frame u=(1,0,0,0)

(+ UV RENORM.)

m — p°

7

(< O0)

o
1 =21 — Lo = —%(PO —m)In




Perturbation Theory

Dyson-equation — geometric series

iG(p") = =15

=‘=—‘—*%
mm §©”é

(in BN)

1-loop propagator

GY = ! = ! (1 —|y In dp— M )
(up — m) + ~v(up — m)In = up — m v

Bloch-Nordsieck propagator

GEM(up) = —— e~V Inlup=m) _

_ 1
b m = e m(l —[fyln(up — m)]+ ...) ‘ (f)/ —

)

3[R
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Perturbation Theory

Why is that?
BN _ 1 —vIn(up—m) _ n(7|n(uP m))
G (UP)_up—me 7 up— mz( )
R = oc
1
GY = Z( 1)"(y In(up—m))"

(up — m)(1 +~vIn(up — m))/ up — m

[y In(up — m)| < 1

The Dyson-series doesn’t converge everywhere
PT: BREAKS DOWN IN IR



Resummations

1Pl Effective Action

2P|

2P| Effective Action

Z[J] = / Dpe' S0 — WU 1 7] K] = / D! S+ 6i+30'Ko)) _ oWIJK]
cwv[J] NN (WKL
OW(J K 1 ;
. 52W[J] (Te). = G : 5(%) I = (6/0) +iGY)
5(1J )0(iJ;) ©T .
SW/ 2P = W[J, K] - J'b; — EK,-J-(qu + iGY)
1PI i
] = WIJ] — J; 5 = WI[J] — Ji® 2P = So[@] + icTr[In G + Gy 16 — 1] — iTjpe[®, G]
7l = ei(rlp’[dJ]—l—J;d)") 5r2Pl(¢5’ Gs) - - ST int[®s, Gs]
/] C =0 G, '=Gy -2 e
e, G
Gener. functional of 1PI / 2Pl diagrams X[G] =2 [6G | Self-consistent
. _ _ Egs.
(¢ = {6(x), A2(x),¥°(x), ..} ¢ =6 ¥l




Resummations | 2P| |

We need to handle the IR regime —> new approach: 2Pl resummation

*  Summing up the photon-loops (rainbow diagram)

* Treating G as full propagator

* ”Quasi particle picture”

» Details: A. Jakovac, Phys. Rev. D76, 125004 (2007). [hep-ph/0612268]

% G[X] & T[G]
- ﬁ . % Self-consistent equations

Z(p) _ —ie2/ d" k G(p—k)— G(P) — Go—l(p)l_ Z(p)




Resummations

-\
N

P; > ImX >
\ 4
\ 2
' 3
\ Re | 5 | Re,
\
AN
AN
N
~
The algorithm R 7
~ _ _(_ o — =
0

Im¥(p°) = 1 fdko KOpFR(p0 — k0)
ReX (p) ’P f dq® Im}:(q) (Kramers-Kronig)

q0—p0
0 0
(P~ — pr))
0
Py

B R = —— 2 (p(x) = ({%(x). % T (0)})o)

Re[G, —Y 2 +[Imx,]

dRex (p?)

Re%,(p?) = Rex(p?) — (REZ(P?) T 0

The spectral function
p(x) = ({¥(x), v T(0)})

p(p) = 2ilmG"(p)

It contains the spectral
information on the
system

E.g. in free case:

p(p) o &(up — m)



Resummations

The propagator
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Resummations Scwinger eq.

"Modified 2P1 ” = 2Pl + vertex corrections ( D-S eq.)

We have a third equation! 1 G Y]
\ 2 G;T]
=‘= i% % I_ [G] (vertex function)
Go ( )_ Z(p)

2 — M
5 (p) = /dk o6l — Kl (ki p — k. p)

3 koro(p, p— k. k)=G ' (p)— G *(p—k) waRD-IDENTHTEES



Resummations cwinger eq.

The self-energy:

> (p) = (;7’34 [ kGl — KuuT (ki p — k. )

¢ lm—6=1(r—k

Since Fo(p, p— k, k)= %

And v = (1,0,0,0)

. D 0 0
—Je 1 G(p — k ) (+ D-S renorm.,
2 ( 0) = (27) (Po)fdk4 K2 1 je ko A. Jakovac, P. Mati
PHYSICAL REVIEW
From this we can get D85, 085006 (2012) )
M
(6"~ m)G(p) = = [ dwG(w)
Po
lts solution: conet.
0 e p—
G(p)—( )(1+)_BN

D-S eq. = "Exact Resummation”



Resummations LS STREA
Let's goto T # 0!




Resummations inite Temperature

What's new?

» The plasma assigns the frame of reference — = (wuo, u1, Uz, u3)

« F-D and B-E distributions come into picture

- New kind of loop integrals (retarded Self-energy, propagators have
matrix structure; R/A & Keldysh formalism!)




Resummations Te peraturel

The path integral formalism:

i [dt| d3x(L+J:0) i ,
Z[Je] = /DOe c ! s 7[h, b] = Zge~ 2 Jdx [ (I () Can(x0) ()

4 Im t

iGap(x,y) = (—i)
1 Re t

(A similar matrix structure hold for the self energy)

> 1

: >
E K .
2 G o

GR/A _ ( 0

52 Z[J] B

ZO 5Ja(X)5Jb(y) ‘-}:0 o <TC Oa(X) Ob(y)>
Gi1  Gi2
G21 G22

l (linear transformation)
N/

Gor
GI’I’

Gra



Resummations te Temperature

(Photon)

The propagators: iGou.ab(x) = (TcAua(x)A,p(0))
Keldysh  iG,p(x) = (TCOa(X)OZ(O)>< :
(a,b=1,2 contours) (Fermion)

iGab(x) = (Tctba(x)1p](0))

E.g. the offdiagonals:

EY
temperature | —— | _ ; _
dependence iG12(k) ini(ko)ﬁ(k)al * iGo1(k) = (1% nt)(ko)p(k)
S (Where ni(ko) = GBT:F]_ and p(k) = iGQl(k) — iGlz(k) )
R/A (relations)
G G
Grr — 21 —; 127 Gll — Gra + Gl27 P = iGra - iGar

*

The Dirac-Fermi distribution is zero in this model:
* The fermion is a hard probe of the soft photon fields, so it’s NOT part of the thermal medium
* It can be checked: at one-loop order it violates causality



Resummations e Temperature

The Self sonsistent equations at finite T:

G[Z] 1 Ga(p) = Gﬁg)(p) + Gﬁf)(p) 2ar(P) Gra(pP)

d*k y
Y612 ¥ p(p) = i(—1)3+1e2u# (27 ) gac(P k) :Ld(k)rv;dcb(k; p—k,p)
1 1
r[G] 3 rabc(ki P, Q) — [ abgbc ( ) 5acgbc (P)]

We're only interested in
the spectral function

Notes:

wp(w) = - /dq f(q,u) p(w— q) « The UV renorm. is
the same as at T=0

* Finite T
uo—|—u contribution is not

ug — u? :
f(q) = -2 . / (1 +n(= )) singular
ug—u




Resummations Te peraturel

Solution for the |u|=0

wilw) =~ [daf(a.u) pw — @) — wi(w) = == [ dq(1 -+ n(a))7(w - q)
iTo

By inverse Fourier transformation (convolution — product ) : i@tﬁ(t) — ) ﬁ( t)

tanh(7tT

(t) = po (sinh mtT)/™

l Fourier transform: using analytic continuation
Y/

5(w) ePw/2 sin o 1
P\W) = 5
cosh(/w) — cos «
(Bw) ‘r(1+g+,ﬂ_w)
2T 27
e’V 1 T—0 1_@ )
p(Bw > 1) ~ > ©(w)w™ x| Itgives backl T=0 case!

2 cosh(Bw) wlts



Resummations

e Spreads out as T increases
* Peak shifted by finite thermal correction



Resummations emperature

Solution for the |u| finite case

The asymptotic can be factorized:
p(t) = Z(t)pu=o(t; cerr)

2 _ 2 Vo “f'ds  sinhtTs
aff(U):auo_u In o + u Z(t) = exp f In
© 2u up — u 27U s> (sinhwTt)s
ug—u

We need the spectral function in the momentum space:

o0

58) = Z(OP-olti vor) ————> | pw) = [ 5 Z(w— w)umo(W'; )

Vv

— O

This can be solved only numerically



Resummations

Rho

* Peakincreases with u
* The half-width decreasing with u—s particle lifetime increases



Conclusion, Outlook

®B-N: Exactly solvable model

®We made different levels of approximations

®The resummations are valid even in IR

®We found a new way to solve the model

®Possible to extend to finite temperature (closed form for u=0 case!)

Outlook:

adapting the method to QED
applications at ELI (strong fields vs. nonperurbative method)

examine bounded states (IR physics questions)

adapting the method to QCD (?77)  Lerswre
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