Scattering Theory

In quantum mechanics the basic observable is the probability

P=|{r )~ @), (1)

for a transition from and initial state, |~ (¢)), to a final state, 1™ (¢)). Since
time evolution is unitary this probability is independent of time and can be
evaluated at any time ¢:

P(t) = [T (O~ )7 = [y (0)]e /e My (0)* =
(W™ (O~ (0))* = P(0). (2)

For a scattering experiment |1~ (£)) represents the state of the beam and target
at time ¢. It is a solution of the Schrodinger equation that looks like a free beam
particle heading towards a free target particle at a time ¢ = —T', when the beam
and target are initially prepared (long before the collision). Similarly [ (2))
is a solution of the Schrédinger equation that represents the state selected by
the detectors. At the time t = T, long after the collision, this state looks like
two free particles heading towards specific elements of the detector, for example
towards a particular pair of photo-multiplier tubes. The probability (1) is the
probability that the initial state will be measured in the final state.

The scattering probability must be evaluated at a common time for both the
initial and final states. The problem is that there is no single time where both
the initial and final state look like free particles.

The initial conditions for the two solutions of the Schrédinger equation are
most naturally formulated at the times —T and T when the initial and final
states behave like states of free particles:

. d
ih= (WD) = HIWE(1),  |V5(ET)) = W5 (£T)) (3)
where
U5 (1)) (4)
are the corresponding non-interacting solutions at t = —T and t = T. The

states (4) are solutions of the free-particle Schrédinger equation:
.0
ih = [WE (1) = Hol V(D). o)

The solutions [¥%(¢)) and |WE(t)), of equations (3) and (5) can be expressed
in terms of the unitary time evolution operators U (¢t) and Up(t) and the initial
conditions:

[U*() =U FT)V*(ET))  U(t) = e 77 (6)

U5 () = Up(t + T)|TH(T)) Uo(t) = e *Hot/M, (7)



The initial free particle wave packets can be taken as minimal uncertainty
wave packets with momentum uncertainty Ap; and Aps and specified mean
single-particle momenta, p1g and psg. The minimal uncertainty states have the
form

(P17p2|‘1’(jf(t)> =
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In an actual experiment there is no precise control over the structure of the
initial or final wave packets. For example the particle might be detected in
the photo-multiplier tubes in a state orthogonal to [U*(T')). What is really in
an experiment is counts in a detector like a photo-multiplier tube. It is also
awkward to determine the precise value of £7. For these reason scattering
theory is formulated in a manner that removes the sensitivity to the choice of
wave packet or T' provided the wave packets are sufficiently narrow in momentum
and the times T are sufficiently large. How this is achieved is discussed in what
follows.

To remove the dependence on the choice of T note that once the particles are
beyond the range of the interaction, H acts like the free Hamiltonian Hy and the
unitary time-evolution operator U(t) can be replaced by the free time-evolution
operator U(t) = e” "t/ — Uy(t) = e~ ot/ This means that if
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g JE/ (8)

|[UF(£T)) = V5 (1)) (9)

at times ¢t = T then at times ¢t = (7" + At) the states are still approximately
equal
|UE(£(T + AT))) = U(XAT)UE(£T)) ~
Uo(£AT)U*(£T)) = Up(AT) |V (£T)) = [V5 (£(T + AT)), (10)
which shows that the initial conditions at +T are approximately equivalent
to initial conditions at +(T + AT) for any positive AT. The T dependence
can be eliminated by taking the limit 7" — oo, which does not change the

initial condition for short range V. This leads to the scattering asymptotic
conditions:

0=, lim_[|[v* @) — ¥ (®)] =

lim ™7 |0 (0)) — e~ HoR WG (0) ]| =

t—+oo
. + iHEt —iHot |+
i [|UE(0)) — e F etk [wE 0) (1)
where the unitarity of the time evolution operator, || # |¥)|| = |||¥)|| was used

in the last line of (11). This condition can be written as

. iHt —iHot
W) = lim_ e FemiHof [U(0)) = 04[0F (0). (12)
The operators, L
Qp = lim e ne=tHoy (13)
— o0



are called Mgller wave operators. The limit is a strong limit. This means
that it is only defined when the operators are applied to wave packets, as they
are in (11). The existence of this limit can be proven for a large class of short-
ranged interactions (a notable exception is the Coulomb interaction - this will
be discussed separately.) Sufficient conditions for the existence of the wave
operators follow by writing the limit (13) as an integral of a derivative

£ d e ime
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Convergence follows provided
+oo o o,
||/ e r Ve How dt|y)|| < oo.
0
A sufficient condtion for this to be finite is
| vernt e < . (14)
0

Condition (14) is called the Cook condition. Weather this is satisfied depends
on the choice of potential. It holds for most potentials that fall off faster than
the Coulomb potential at co. In what follows the Mgller wave operators are
assumed to exist.

The Mgller wave operators satisfy the intertwining relations

HQy = Q4 H,p. (15)

To prove (15) note that

STT S . srr(t+s) (t+s) s ; s
et nQy = ( l)nn e e tHo T giHog —  tHod, (16)
t+s)—+oo

Differentiation with respect to s, setting s to zero gives (15). This condition
ensures that energy is conserved in the scattering experiment; i.e. that

HQ4|Ey) = Qi Hy|Eo) = EgQi|Ep). (17)

This must be true since the interacting states become non-interacting when the
particle are beyond the range of the interaction. Equation (17) shows that Q4
maps eigenstates of Hy with energy Ey to eigenstates of H with the same energy.
It also follows that
+ +
[w=(2)) = U@)[¥=(0)) =

()05 (0)) = QuUs (1) U5 (0)) = Qu| V5 (2))- (18)



The scattering probability can be expressed directly in terms of the asymp-
totic free-particle wave packets using the Mgller operators:

P = [(¥§ (1)L 0 |v5 (1) (19)

which is independent of ¢ by (18).
The scattering operator S is defined by

§:=0ta_. (20)

The scattering probability can be expressed in terms of the free-particle asymp-
totic states and S as
P = [Ty (4)|S%g (). (21)

The advantage of expressing the probability in terms of the free-particle states
is that they have a simple form that is determined by the quantities that can
be controlled in an experiment like the beam and target momenta and well as
the position and resolution of the detectors. These quantities are independent
of the interaction. The physics associated with the interaction is contained in
the operator S.

There are a number of ways to calculate the scattering operator S. All of
them involve closely related quantities.

Structure of the scattering operator

Scattering probability amplitude can be expressed in term of free-particle
matrix elements of the scattering operator

(U189q) =

/ (W7 |pr, p2)dpidps (b1, P2 S|P, b2 )DL dpy(Ph, P2/ U5).  (22)

Since typical interactions are translationally invariant, for some purposes it is
useful to change variables to the total momentum of the system,

P =pi +po, (23)
which is conserved and the momentum of particle 1 in the two-body rest frame:

M1 p_ M2P1— P2
mi1 + mo mi + mo

k:=p; - (24)
where P is the total momentum of the two-body system, and k is the momentum
of particle 1 in the frame where P = 0. This is just a Galilean boost by velocity
v = —P/(my + my). We also have

m1 P= mip2 — mM2pP1
mi + mo mi + mo

-k :=py— (25)



The Jacobian of the variable change

(p1,pP2) = (P, k) (26)

is 1.
In terms of the variables P and k the scattering probability amplitude can
be expressed as

/(\I/a'|k, P)dkdP (k, P|S|k’, P')dk'dP’(k', P'| ¥y ). (27)
The kernel of the scattering operator in these variables has the form
(k,P|S|K, P’y =
lim <k P|eiHot/he—2’th/heiHot/h|kl PI> _
t—oo' ’

6(P _ Pl)é(k _ kl) + / %(k, P|€iH0t/ﬁe—2th/ﬁeiHot/h|kl’ PI> _
0

(P —Po(k—K) — % / (k, P|ez‘H0t/hVe—2th/hengt/h|k/’ P/)—
0

. o
1\/ <k P|eiHot/he—2th/hVeiHot/hIk/ PI> (28)
h o ) )
where the chain rule was used to differentiate the product (e*ot/Pe=tHt/R) x
(e—2th/heiH0t/h) in (28).

We define h and hg (the rest energy operators) in terms of the free and
interacting Hamiltonians by

P2 k2

H=—+h h=_— 2

i + o +V (29)
P2 k2
Hy=—+h hy = —. 30
0= 57 + ho 0= 5, (30)
If the interaction is translationally invariant, [V, P] = 0, then

eth/he—iHot/h — eiht/he—ihot/h' (31)

If the interaction is translationally invariant, i.e. [H,P] = [Hp, P] =0, then
a total momentum conserving delta function can be factored out and H and
Hj can be replaced by h and hg. In what follows “hats” are used to indicate
operators with the momentum conserving delta function removed

(P,Kk|O|P',K) =: §(P — P')(k|O|K'). (32)
Thus, assuming a translationally invariant interaction, equation (28) becomes

(k,P|S|K,P’) =



5(P _ P/) ((5(1{ _ k,) _ % / <k|eihot/hVe_%ht/heihot/h|k’> _
0

;/Oo(k|eih0t/he—2iht/hveihot/h|k/>) . (33)
0
Note that |k) is an eigenstate of ho with eigenvalue E(k) = %:
k2
holk) = 5[k} = E(k)[k). (34)
1
The average relative kinetic energy is defined by
_
E= §(E(k) + E(K)). (35)

Using (34) and (35) in (33) gives

(5(P _ P/) (5(1{ _ k/) _ %/ (k|eih0t/hf/e—2iht/h6ihot/h|k/>_
0

% /00<k|eihot/he—Qiht/hveihot/h|kl>) _
0

5(P—P') (6(k -K)— % / (k|[Ve2ih=EMt/h |y
0

i & —2i(h—E 2,
: /0 (ife=2ith E>f/ﬁV|k'>). (36)

The time integrals only converge if the kernel is first integrated over the wave
packets in (27). The important observation is that the order of performing the
integrals matters in these expressions. When the integrals over k, P and k' are
performed before the time integrals, the resulting time-dependent integrand will
vanish for large ¢. This can be seen by considering the example

/f(k)e_;::td%:/f(kz)e_‘;f:tkzdk:

2uh ~ 2uh ;
(%)S/Q/f(%u2)e—zu2u2du (37)
where

) = / £ () dk (38)

This falls off like t=3/2 for large ¢. If an additional factor e~ is inserted where
€ small enough so e~ =~ 1 for all ¢ where the integrand is non-zero, then
this addition will not affect the value of the integral in the limit that e — 0.
This fall off, due to the spreading of the wave packet, is responsible for the
convergence of the Cook condition, (14). When the factor e~ is included the
time and momentum integrals can be computed in any order. For computational



purposes it is useful to include the e~ and perform the time integral first, with

the understanding that lim._,o be taken after integrating over the initial and
final wave packets. It follows that (36) can be replaced by

(k, P|S|K',P’) =

(S(P _ P/) (5(1{ _ k/) _ %/ <k|Ve—2i(h—E—i6)t/h|k/>_
0

j/ <k|e—2i(h—Ei—ie)t/hV|k/>) (39)
h Jo
Doing the time integral gives
5P —P') (6(k —K) + ~ (k| = |K')+
2 E —h+ie
1 1 N
—(k|=———VI|K 40
Mg >) (40)
Some care is required to evaluate (40). The second resolvent identities
1 1 1 1 1 1
z—A_z—B:z—A(A_B)z—B:z—B(A_B)z—A (41)
can be applied to h and hy with z = E + ie:
1 B 1 B
E—h+ie E—h+ie
1 1 1 1
_ V _ == V= . 42
E—hy+ie E—h+ie FE-—h+ie FE—hg+ie (42)
Using (42) in (40) gives
s(P—P) (d(k-K)+ k|V( ! V)= ! K'Y+
E—h+ic "E—hg+ic
1 1 N 1
= 1 = k)| =
+2< |E—h0+ze +VE—h+ze ) >)
5(P—P') (6(k — ') + = (K|(V + V= V) |K) (5 R
2 E —h+ie E—E(k')+ie E—E(k)+ie
1 PSRN 1 1 1
S(P-P") (d(k —K')+ =(k|(V +V = VK'Y (= _ =
( )(( )+2< v+ E—h+ie ) >(E—E(k’)+ze E—E(k)—He))
6P — P) (8(k —K) — (K|(V + V———V)K) 2
E —h+ie (E(K') — E(k))? + €2
(43)



In the limit that e = 0

) 2i€ . ’
S ER —ER e OB - Bk) (44)

which implies that (40) becomes
(P, K|S|P", K) =
5(P — P') (6(k —¥) — 27i6(E(k) — E(K)(k|(T(E — h + ie)|k’)) . (45)

The operator
1 -

T(z):=V+V 1% (46)

z—h
is called the the transition operator. Using the second resolvent identities,
(42), in (46) shows that T'(z) is the solution of the integral equations

. 1

T(z):=V+V T(z) (47)

Z—ho

A~

V. (48)

T(z) =V +T(2)

These are called Lippmann-Schwinger equations for the transition operator.
2
For scattering theory z = E + ie = 12‘7 + te.
The main results of this section can be summarized by the following equa-
tions:

P = [(TH|wm)]?
(UF ™) = (¥g18|¥y) =
/ (U |k, P)dkdP (k, P|S|k’, P')dk'dP’ (K, P'|T7) (49)
with
(k,P|S|K/, P’y =
5(P — P') (6(k —¥) — 2mid (E(k) — E(K){(k|T(E + ie)|k’>) (50)
and

1 .

Calculation of the scattering operator using the interaction picture:
The scattering operator can be expressed as

. iHot &=t ot .
S = QLQ_ = lim etHon gmtH 5 g—iHo — lim Ur(t,t') (52)
t—o00,t/ +>—o00 t—o00,t/ >—o00



where Uj(t, —t) is the interaction picture time-evolution operator. It satisfies
d
ih=Ur(t,¢) = VitUi(tt)  Urt,t) =1 (53)

where ) )
iHgt —4Hgt
h

Viit) =e » Ve 7 (54)

is the interaction picture interaction. The formal solution can be obtained by
iterating the integrated form of (53)

. t
Ut,t')=1— % / ViU ", t)dt" (55)
t/
The formal solution of this equation is
o, —i., 1 [
S=1I+ Z<E) o / T(Vi(ty) - Vi(tn))dty - - - dt, =
n=0 -0
Texp(—% / Vi(t))dt') (56)

which is expressed as a time-ordered exponential, where

Viitp) - Vi(tn) t1>te>--->1,
T(VI(tl)"‘VI(tn)):{ ) 0 ) 0 0t2heI'WiSG

This is obtained by replacing the n-nested integrals by n! identical integrals
obtained by n! permutations of the labels of the integration variables.

This method was used by Dyson to construct S perturbatively in quantum
field theory. This series does not necessarily converge even for bounded poten-
tials because the time limits are infinite. Note however that the infinite limits
can be replaced by [—T,T] and the result should be unchanged as long as T is
large enough. In this case the series with bounded potentials converges because
it is bound by the exponential series e2TIVII/7,

For finite T it is impossible to distinguish bound states from long-lived res-
onances. If there are bound states the series diverges in the T — oo limit.
For this reason the Dyson series is not useful for interactions that have bound
eigenstates.

Calculation of the scattering operator using the Lippmann-Schwinger
equation:

The starting point is the expression of the scattering probability P in terms
of the scattering operator, §

P = (T (0)|S|2g (0))]*. (57)
As discussed previously, for translationally invariant interactions, [V, P] = 0,

giHt/hg—iHot/h _ jiht/h,—ihot/h_ (58)



This means that when we compute the Mgller operators for a translationally
invariant potential the total momentum dependence-factors out of all of the

matrix elements. This means that
(P, K|QF|P',K') = 6(P — P')(k|Q*[K')
where
O — Qim etht/he—ihot/h
t—+oo )
The scattering eigenstates are defined as
k*) = OF k).
The intertwining properties, which for {4 have the form
RO = Quhy
imply that |k*) are eigenstates of h with energy %:
A A k?
hlk*) = ROF|k) = QFholk) =
2p
These solutions are related to the scattering probability by
P = [(T*(0)[w~(0)”

where
P 0) = [ i)k (P, KW ).
The time-independent scattering states are defined by

|k:|:> = t_l)lgl e—iht/heihot/h|k> —
o

¢
- d _iht/h ihot/h
(I—i—t_l)lrinoo ; prc e ) k).

If the wave packet is included (66) becomes

LY B
i+ dim [ g [ dkem e g )
0

t—+oo

As long as the k integral is done first the above is equal to

+oo
|/¢'(:)|:> + IE}(I)/ e:':d%/dk(eiht/he_ihot/h)|k>’ll}(:)t(k).
€ 0

AL kz +
k) = 5 ),

(59)

(60)

(68)

However, when the factor € is included the result is independent of the order
of the ¢ and k integrals. The scattering eigenstate |k*) can be calculated by

10



performing the time integral first, with the understanding that the integral must
eventually integrated against a wave packet before taking the € — 0 limit..
It follows that the integral in (66) becomes

k) =
|k> + 11—1}(1) eZFEta(elht/he_mot/hﬂl{)dt _
€ 0

. +oo
k) — lim(i)/ eFeteiht/nyg=ihot/h|) dt —
0

; +oo
k) — lim (%) / =B/ |10) gt
0

e—=0"h
1 N
k) + lim ———V1k 69
)+ 1 T —hre’ (69)
where E(k) = %
This gives the following expression for the scattering eigenstates
1 N
k) =T+ - V)k 70
The operator
1
71
P (71)

is the resolvent of h. It can be constructed by solving an integral equation. The
integral equation can derived using the second Resolvent identities
1 1 1 1 1 1
v

Zz—h z2—ho z—ho z—h:z—hvz—ho' (72)

Using these identities in equation (70) with z = E(k) % ie gives

k) =

| )
I+ g —nze’
1 N 1 N
VUt g—nze )W

J

Tt B —hotie

[k*)

L (73)

(k) - ho =+ ie
which is called the Lippmann-Schwinger equation. It is equivalent to the
Schrodinger equation with the asymptotic initial conditions

2

%) = k) + ‘% et — ho)~ 'V |kE). (74)
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Unlike the Dyson series it can be used to compute scattering observables when
the Hamiltonian has bound states. This equation can be expressed in a coordi-
nate or momentum basis
Kk? A N
(r[k*) = (rfk) + /(rl(y F 0" — ho) ' )dr' V(') (k) (75)
I

k2 k//2 N
(<) = () + [ (G F 0" = ) VI (). (76)
1z 1z
In the coordinate-space basis the free Green functions (matrix elements of the
resolvent operator) can be evaluated using the residue theorem. The result of
this calculations is

K2 . 1 2ueik’-(r—r’)/h
- Nt =117y k/ _
(1, Fi0" = o)) = s [
+ik|r—r'|/h
p e T
2rh?  |r—1/| (77)
Multiplying (73) by V and comparing to (46) gives
N ~ ~ 1 N ~
k) =V|k —————VI|k)=T(EFielk

It follows that the scattering states, |ki), can be expressed in terms of the plane
wave states, |k) and the transition operator, T'(z):

k2 . I < .
|ki>=|k>+(@ Fi0" — ho) 1T<ﬂ Fi07)|k) (79)

The second resolvent identities can be used to demonstrate the equivalence
of the following quantities

2
<HWM:MWﬂ:WW%+mm> (80)

any of these can be used to calculate plane wave matrix elements of the scat-

tering operator
(P,k|S|P,K') =

5(P — P') (6(k —¥) — 21id(E(k) — E(K'))(K|T(E — h + ie)|k’)) -
5(P —P) (6(k —X) - 2mid(E(k) — E(k’))(k|f/|k*’>) -

5(P — P') (6(k —¥) — 2mid(E(k) — E(k'))<k+|f/|k'>). (81)

When the potential is weak, T(E — h + ie) ~ V. This is called the Born
approximation. It is justified when

) 1
IV Em —hoFie <

12



is small.

An important property of T(z) is that it is a short-range operator, like the
potential. This means that an approximation to T(z) can be found by inserting a
complete basis, {|n}}, in the Lippmann-Schwinger equation and then truncating
the sum to a finite number (M) of terms

M
(n|T(2) = (n|V + D (n|V (2 — ho) " m)(m|T(z) (82)

Mathematically the justification for this procedure follows because the kernel of
this equation is (normally) a compact operator (on a normed space which may
or may not be the Hilbert space). Compactness means that the operator can be
uniformly approximated by a finite dimensional matrix. Uniformly means that
the error of approximating the compact operator C by the finite dimensional
matrix M satisfied

I(C = M)[p)|| <e

where € is independent of |U), even though |¥) is an arbitrary vector in an
infinite dimensional Hilbert space. Smaller € require a matrix with a larger
dimension.

Eq. (82) is a finite system of linear equations. The solution of this finite
system can be used in right-hand side of the Lippmann-Schwinger equation to
get an improved approximation to T’(z)

T(z) =V +Y_ V(z—ho) ' Im)(m|T(2). (83)

This improves the convergence and this method is often used in practice.
Scattering cross sections

In a typical experiment the scattering probability, P, is not a useful quantity
since the initial and final state vectors are not precisely known. The notion of a
scattering cross section is introduced to eliminate the dependence on the choice
of wave packets in describing a scattering experiment.

In a real experiment there is an ensemble of beam of particles moving with
some mean momentum (pp) described by a density matrix

Py = Z-an|¢bn><¢bn|- (py) = Tr(pops)

These beam particles directed at an ensemble of target particles with mean-
momentum (p;) represented by another density matrix:

Pt = Zptm|¢tm><¢tm| (Pt) = TT(I)tPt)-

Typically all of the wave packed in the beam or target will be different in which
case Py, and P, are just one over the number of particles in the beam or target.

13



Both (pp) and (p;) can be measured in an experiment. It is assumed that
the target is sufficiently dilute or thin that the probability that a beam parti-
cle interacts with more than one target particle is negligibly small. It is also
assumed that the interaction between different target particles are sufficiently
weak that they can be ignored.

The scattered particles are detected by a detector with a finite resolution.
The detector counts any particle that has a momentum directed at the detector
within the resolution of the detector. Since charged particles are typically bent
by magnets, the particle’s that are counted in a given detector depend on both
the direction magnitude of the particles mean momentum.

The starting point is to consider a single scattering event. The differential
probability of measuring the momenta of final particles 1 and 2 to be within
dp; of p1 and within dps of ps for a given initial asymptotic state |¥y) is

dP = |(p1, p2|S¥7)|*dp1dpo. (84)

This is the differential momentum distribution seen after the scattered particles
travel beyond the range of the interactions. This change removes any mentions
of the final wave packets.

In the absence of scattering S — I, so that the part of S that causes the
scattering is (S — I). Replacing S by S — I in (84) and replacing the single
free initial state by the beam and target density matrices gives the differential
scattering probability that particles will be detected within dp; of p; and dps
of p2

dP = [(p1,p2|(S — I)|pops(S — I)'|p1, p2)dpidps =

> I(p1, pa| — 27i6(Es — Ei)T(E + i0)|$ondem)|’ Pon Pmdprdps  (85)

mn

Of interest for nuclear and particle physics is the case that the potential is trans-
lationally invariant. In this case the matrix elements of T'(z) are proportional
to §(Pys — P;) so the differential probability becomes

AP = PynPim|(p1, P2|—2mid (Ef—E;)8(P §—P;)T(E+i0)|fondtm)|*dprdp2 =

47> 3 PouPun [ 8(E; — EDS(E; - ED)3(P) — PSP} — PY)x

(P1, P2|T(E +40)|p}, ph)(p1, p2|T(E +140)|py, py)* x
Gtm (P1)Pon (P5) Bt (PT) D5, (P5 )dp1dp2dp dphdp’ dply (86)

where the integrals are over p’, p5,dpY and p}

The crucial approximation is the assumption that wave functions in the ini-
tial beam and target ensembles are sharply peaked around fixed values (p) and
(pt) respectively. It is also assumed that T does not change significantly on the
scales of momenta where the wave packets are non-zero. This can be controlled
in a experiment by reducing the beam dispersion and target temperature.

14



When the wave packets are not sufficiently sharp, narrow resonance could be
washed out, so the it is important to control the momentum dispersion of the
beam and target ensembles. For sharply peaked wave functions the following

§(Ey — By — E)0(E; — E')6(P — (pe) — (Pb))6(Pf — PY)x
(P1, P2|T(E +140)[(pt), (Pb)) (P1, P2|T(E + 0)|{p¢), (Pv)) " (87)
Approximating
0(Ey — E{)d(Ey — E{)6(Py — P})d(P7 — PY)

(p1, P2|T(E + 40)|p}, Ph)(p1, P2|T(E + i0)|p, ) * (88)

gives

2 2 2 2
- 2 P1 P2 _(pt> _(pb) . _
4P = 3 PP [ 8500 5 = = 192 (oo~ (o)<

|(p1, P2|T(E + i0)|p¢, Po)|*dp1dp2
/ 8(E; — E{')8(PF — Pj)dim (P1) $on (P2) B (PY) 85 (P2 )dP1 dDLAPYdP;  (89)
Representing the delta functions in the integral by

S(E; — By)6(Pf — P;) =

ﬁei“‘ PPy —PY) X/ h—i(Bl 4B~ B =B )t/ (90)
and observing
1 ) )
¢bn(x,t) = W)S/Q/¢bn(pb)elpb-x/h—zEb(pb)tdpb
1 b
Bim(x,t) = 5 | Bem(pr)eP /NP, (91)
(2mh)3/2

the expression for the differential probability becomes

2 2 2 2
— 2 b1 P2 _ (Pe) _ (Ps) . _
dP = ;anPthlﬂ' /5(2m1 + oy 2ms  2my )o(p1+p2— (pPt) — (Pb)) X

|(p1, p2|T(E + i0)|(ps), (Ps))|>dp1dp2
(2mh)® ) ,
(27TT)4|¢tm (X, t)l |¢bn(X, t)| dxdt (92)

The integral shows that the probability gets contributions from all times when
both the nt* beam and m!* target particles are at the same place. It follows
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that the differential probability of a transition per unit time pert unit volume
into volumes dp; and dps about p; and ps is

dth ZanPtm4” /‘5 om Pi (o (P05 4, (o)~ (o) x

1 2m2 th me

[(p1, P2|T'(E + i0)|(ps), (ps))|*dp1dp2

E ; (Bem (35, £) P (3, )2 (93)

The quantities

> Pimlm(x,0)>  and ) Ponlgen(x,1))? (94)

represent the probability density of finding a target and beam particle within
dx of x at time t.

If we multiply both sides of this equation (94) by the total number of beam
and target particles these become the number of beam and target particles per
unit volume at x and time z (recall Py, &~ 1/N; and Py, = 1/Np).

Then Y5, N¢Podno = np(x,t) and Y NePpidyy = ny(x,t) become the
beam and target densities at dx of x at time ¢.

Assume the interactions among different target particles are sufficiently weak
that they can be ignored and the target is sufficiently dilute so each particle
experiences at most one collision, then we this rate will be proportional to the
target density and the number of beam particle crossing a surface per unit time.
In this case

dN
Vi dovpnp (X, t)ne(x,t) = vp En: Ny Pon|no(x,1)[? %:thmt¢t0(xa t)* =
dP
NeNo o (95)

The proportionality constant, do is called the differential cross section (be-
cause it has dimensions of area). Comparing (93) to (95) gives

2m)4h? . ) .
do = &0 |(p1, P2|T(E + i0)|pt, Po)|*
2 2 2 2
P1 ) P Py
oy " 2my " 2me  2my° — Pt — Po)dp1d 96
(2m] N 2my  2my me) (P1 + P2 — Pt — Pb)dp1dp: (96)

In using this expression, because of the ¢ functions, there are 2 independent
parameters needed to define the final state. One selects the variables that one
chooses to measure in an experiment and integrates over the remaining four
variables. This eliminates the delta functions.
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One choice is to measure the angular distribution of one particle in the center
of momentum frame. In this case integrating over P eliminates the momentum
conserving delta function. The other is eliminated by integrating

k? P2 7
2 — —
/dkk 6( + Wi E;) = A (97)
The relative velocity of the beam and target is
k -k k
Vs — — — = — (98)

my ma N

With these substitutions
doem = (2m) h2u2l(k’|T( +10)Ik>l2dk' (99)

This can be expressed in terms of the scattering amplitude
doem = |F(k, k')|2dk’ (100)

where

F(k,K) = —(27r)2uh,<k’|T(l;—M +40)|k) (101)

An important property of the transition operator, T(z), is its relation to the
scattering operator S. We derived it using the formal expression for S:

(P’ X'|S|P,k) = §(P' — P) (6(k’ —k) - 2m<5(kz - k—2)<1<'|T( ha zo+)|k>>

2p
(102)
Note that we only need T'(X + i0™"), not T(% —407T).

For the laboratory cross sectlon assume that particle 1 is being measured
and the target is at rest. Then integrating over the momentum of particle 2
eliminates the 3-momentum conserving delta function. The the energy of the
final state is conserved and

(Ep) = Ef(p1,cos(f)) = 217)31 + (<pb;;2p1)2

In this case

dpy pidE {po)
2d E _ 1 = —_—
PP = PGy p e cos@fma T m

is used to eliminate the energy integral. In this expression p is the reduced
mass and 6 is the scattering angle between the beam direction and p;. In this
expression in order to find the angular dependence it is also necessary to express
p1 in terms of the beam energy and the angle 6:

__ ma(p) 9py _ T — M)
p1 = m1+m+2(cos(0)+\/cos ) )
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This has to be used to express p; in terms of measured quantities. Note that
while the angular dependence is different in the center of mass and laboratory
coordinate systems, the total cross section invariant.

An important property of the scattering wave function is its structure for
very large values of |r|. This turns out to be closely related to the scattering
amplitude.

The Lippmann Schwinger equation for the wave function in the coordinate
representation is

u ekl

<r|k_> = <I'|k> — mwdt’V(f’)(flk_>, (103)
For large r this becomes
— _ H® ﬂ —ikir 3 I -\
(rlk™) = (rlk) St 7 e dr'V (') (r|k™) =
1 +ikr 1

(elr/h _ (27h)3 K€ epikf-r’v(r/)<r/|k:|:> _

(2nh)3/2 ol (2mh)?
1 ikr/h _ o, €k ,
e " = P I (B -+ e))
1 o e:l:ikr .
W(e ker/h + F(kr, k))

This shows that the scattering amplitude is the amplitude of the scattered wave
at a large distance from the scattering center.

Phase shifts

While the scattering operator is the limit of a product of unitary operators,
it is not necessarily unitary; however unitarity of S is a physical assumption
that is equivalent to the conservation of probability in a scattering experiment.
The assume unitarity means that

S = 2 (104)

In this representation ¢ is called the phase shift operator. Note that in a basis
of energy eigenstates

§(E — ENe*®B) = §(E — E'\(I — 2ri(E|T(E + i€)|E)) =

5(E —E')(f—i%T“<k|T(E+ie)|k>) (105)

This gives . A
B = 1 — 2mpk(k|T(E + ie) k) (106)

or

e E) sin(§(E)) = —npk(k|T(E + ie)|k) =
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k
— F(k.X 107
(kK (107)
For rotationally invariant system the same relations hold for each partial wave;
ie.
. . k
e ) sin(dx(E)) = —mpkTi (k) | Fu(k) (108)
The reason that §;(k) is called a phase shift is because asymptotically the
scattering wave in the asymptotic wave function looks like the incoming wave
with a shifted phase.

For r larger than the range of the interaction we have

_ 4t ) 2uki (1 bl _

(rlk™,1) = W(]l(lﬂ“/m — s (kr/h)/o Jl(kT'/h)V(T')<7"'|k( J))
109

The integral term is

00 3/2
[ e v rar i b = T -
@rh)*? 1

e ( 17rk:,ue sin(d;) (110)

Inverse scattering

The results of a scattering experiment can be predicted given the Hamilto-
nian of a the system. The goal of a typical scattering experiment is to verify
that the Hamiltonian gives the correct description of the physics. Because of
this it is natural to ask if a knowledge of the scattering operator S is sufficient
to determine a unique Hamiltonian. It turns out that the short answer is no.
However it is possible to identify necessary and sufficient conditions for two
Hamiltonians to give the same scattering operators.

To show this assume that two Hamiltonians H and H’ are given. If they
equivalent they should have the same spectrum of eigenvalues, which means
that they should be related by a unitary transformation, W,

H =WHWT, (111)

The Mgller wave operators for these two Hamiltonians are

Qp = lim efte= Mot and Q) = lim e te Mot (112)
t—+oo t—too
It follows that
il: =
lim eHte Hot — lim WHW'tg=Hot — y liy eiHltyyte—Hot —
t—+oo t—+too t—+oo
W lim eBYT — T+ Whe Hot = Wy + lim WeH{(I — Wi)e iHot
t—+oo t—zoo
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The identity
L =Wy (113)

follows provided

_ iHt (1 _ i/t »—iHot _ _ i\ ,.—iHot _
0= lim [[Wet (1 - Whe ot )| = lim ||(T - WHe #Hotjy)]|

. + _ —iHot S F _ —iHot

i (WHW = De oty = dim (W = De” oy (114)

This condition is a short-range condition on the unitary transformation W.
Since this condition only involves Hy it is independent of H.
If W is unitary and satisfies (114) then

s =ata =olwiwa_=ola_ =5

This shows that any two Hamiltonians related by a unitary W satisfying (114)
give the same scattering operator. Note that even though H and H' are related
by a unitary transformation, the Hy in Q4 and €/ is the same. The condition
(114) means that

H=Hy+V and H=Hy+V

where both V' and V' are short-range interactions.

Unitarity and (114) are sufficient conditions for S = $’, it turns out that
they are necessary. Specifically if S = QLQ_ = Q/IQ’_ = S’ then there is a
unitary W satisfying (111) and (114).

The simplest case is when both Hamiltonians have no bound states. In that
case the Mgller wave operators are unitary. Multiplying

oo =ofa
on the left by €, and on the right by of gives
,0f = of.
It follows from the intertwining condition (15) that
QLOLH = Q) HoQl, = H'Q, 0L

which shows
W=, 0k (115)

satisfies
H =WHW!

In addition it follows from (115) that

QL =Wy
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which can be written as

0= lim [|(e "t Hot — Weilte=Hot)jy)|| = 0 =

t—Foo
Jim [[W (et em ot — gttt y) || =
Jim (W= Dem Mot = lim [WH(T—W)e= ot )| =
im [[(1 = W)em )| lim [[(W = De™ ot y) | =
Jim ([ W — Dem oty | lim (2404 — De™ ! y) ]| =
Jim[[(@L — e ot )| (116)

This is for the case that Q is unitary. When Q. is not unitary (115) is replaced
by

W o= Qu0k + 18], (ba)

where the sum is over all bound states and |b,), |b},) are the normalized bound
eigenstates of H and H’. In this case in additional to § = S’, H and H’
must have have the same number of bound states with the same eignvalues and
multiplicities. The proof of the necessary condition follows case when there are
no bound states.

An important comment is that the (115) must hold for both time limits.
The result is true is there is a different W for each time limit. It is clear
the two Hamiltonians with short range repulsive potential do not have the same
scattering operator, but because they have the same spectrum they are unitarily
equivalent. What fails is that condition (115) is not satisfied for both time limits.

Multi channel scattering:

Let H be the Hamiltonian for a system of N particles with short-range
interactions. In general, the Hamiltonian H will have both two-body and many-
body interactions. The notation a denotes a partition of the N particles into n,
non-empty disjoint subsystems, labeled by a;, and H,, is the part of H involving
only the particles in the 5" subsystem of the partition a.

In this section, scattering channels will always be associated with the N-
particle system. There is a scattering channel, o, associated with the partition
a if each subsystem Hamiltonian, H,,, has a bound state or is a single particle
Hamiltonian. A bound state associated with H,, is denoted by

|(Bs,4i) iy i) where  1<i<mn,.

In this notation, j; is the total intrinsic angular momentum of the #** bound
state, p; is the magnetic quantum number of the ** bound state, p; is the total
momentum of the i** bound state, and




is the total kinetic energy minus the binding energy, eq,, of the " bound sub-
system (M is the total mass of the #** bound subsystem). In general, for a
given partition, a, of the N particles into n, subsystems, there may be one or
more scattering channels or zero channels associated with the partition a. The
notation A is used to denote the set of all scattering channels of the N-body sys-
tem, which by convention also includes the one-body channels (N-body bound
states). Except for the one-body channels, the set A of scattering channels is
determined by the solution of proper subsystem problems.

The notation discussed so far can be illustrated by considering the sub-
system Hamiltonians for a seven-particle system associated with the partition
a = (135)(27)(46). There is a scattering channel associated with this partition
if each of the three subsystem Hamiltonians can form bound states:

a=(135)(27) (46) na=3 N =7=ng +Na, + Na,
S~

a1 a» as
H, =K1+ Ks+ K5+ Vis+Vis+ Va5 + Viss
H,, = K> + K7 + Vor
H,, = K4+ K¢ + Vig
i
2(my + m3 + ms)

Hall(El,jl) pl,ﬂl) = (

Where P1 = kl —+ k3 —+ k5,

—6135> |(E1,51) P1, 1)

2
. p .
Ho,|(E2, j2) P2, t2) = (2(m2 JQrm7) - 627) |(E2, j2) P2, p2)

where P2 = k2 + 1(77

p3

Ha3|(E3,j3) P3a/-t3> = (2(m4—|—m,6)

- 646) |(E3, j3) P3, 43)

where p3 = ky + kg, k; are the single-particle momenta, K; are the single-
particle kinetic energies, V;; are two-body interactions, Viss is a three-body
interaction, and e;3s, es7 and eyq are the binding energies of the bound states.

For a given scattering channel o, there are scattering states associated with
two different asymptotic conditions. The different asymptotic conditions replace
the initial conditions of the scattering states with conditions that relate the
scattering states in the asymptotic past (—) or asymptotic future (+) to states

of non-interacting bound subsystems. The scattering states, |\Ilgi)>, associated
with the channel a are defined by strong limits:

lim [[[w5) - Z /ethe_iH“t ®i2y (B 4i) Pi, i) $i(Pi, i) dpil| = 0,

t—+too
K15 sBng

(117)
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where the partition Hamiltonian, H,, is the sum of subsystem Hamiltonians
H, = ZHai with  Hg,[(Es, Ji) Pis i) = Eil (B, 3i) Pir pa) - (118)
and satisfies

H, ®?21 |(Eza.71 pz,ﬂz = (ZE) < | (B, i) pwﬂz) (119)

The operator H, is the part of the Hamiltonian with all of the interactions
between particles in the different clusters of the partition a turned off, and
¢i (s, i) are wave packets in the total momentum and magnetic quantum num-
bers of each bound subsystem in the channel . The variables in the wave pack-
ets are the experimentally detectable degrees of freedom (momentum and spin
polarization) of the bound subsystems.

The limit in (117) is a strong limit, and this means that the integral over
the wave packets must be computed before taking the limit. If this is done in
the correct order, then inserting an extra factor of e¥¢ and taking the limit as
€ — 0 after performing the integral does not change the result. This makes it
possible to define the limit using “plane wave” states where the € — 0 limit can
be taken at the end of the calculation after integrating against the wave packets.
After including the factor of e¥€!, the channel o scattering states

Na

(£)y — (£) N )
|\I’ > lg%# ~ /|\Pa (plaula apnm/‘na»}:ll:(rbl(pu/‘l)dpl (120)

can be expressed in terms of the channel a “plane wave” scattering states defined
by

iHtFet,—iHat o

|‘I’¢(xi)(P1»H1,"‘ ,pnavu’ﬂa)) = lim e 7;1 |(E“-71) pi’/"’i> =

t—+too

t
) . d ct
®:21|(E“]l) pi;Hi> + t—l)lgl:noo/o % ( e te HHa t) ®1, 1 |(E17.77,) pzvﬂz) dt -

Qpe1|(Es, 3i) Pis i)
t
+i lim T (H + ie — H,) e Hat @7 |(Ey, 5;) pi, i) dt =

t—xoo J
®7|(Ei, ji) Pi i) + (Ea — H Fi€) ™" H* @7, |(Ey, ji) Pis i) (121)
The operator H® := H — H, is the sum of interactions between particles in

different clusters of a, and

Ng 2
_ Py
E, = Z (2Mq eaq> (122)



is the total energy of the system (M, is the total mass of the g subsystem).
The limit € — 0 in (121) can only be taken after integrating against products
of wave packets which are functions of the momenta and magnetic quantum
numbers of each bound cluster.

The tensor product of the wave packets span a channel Hilbert space H.
The operator, ®,, that maps the channel a Hilbert space H, to the N-body
Hilbert space H is defined by

Palpoa) = Z /®?§1|(Eivji>piaﬂi>¢i(pi7#i)dpi, (123)
M1 s lhng

where |¢oq) € Heo represents the product of wave packets given by

Na
(ply,uh"' ;pnaalllna|¢oa> = H‘bq(pqvﬂq)' (124)

g=1

The wave packets describe the experimentally accessible momentum and spin
distributions for the reaction. The mapping, ®,, : Ho — H, is called the channel
injection operator, and it includes the internal variables of the bound state
wave functions for each bound subsystem. In this two-Hilbert space notation,
the channel o “plane wave” scattering states are expressed in terms of channel
wave operators:

U (D1, 1y 3 Pras ing)) =, lim eHte™Hatp, = OB (a)p,  (125)

t—+oo

where . '
QF)(g) := lim eHteiHat (126)

only makes sense as a strong limit applied to the normalizable vector ®g|doq)-
The advantage of the notation in (?7?) is that it separates the part of the scat-
tering state that depends on the partition a from the part that depends on
the associated scattering channel a. The operators Q#)(a) act on the N-body
Hilbert space, while ®,, acts on the degrees of freedom that can be measured in
an experiment.

The probability amplitude density for a transition from an initial channel
state a to a final channel state 8 (the scattering matrix) is

<‘I’§3+)(p,1,ﬂ/1» ,plnb,y,,lnb)l\lj(a_)(plvﬂlv'” apna’una» =

(571),1,/1,1, e 7p;zbvuilb|sﬁa|a, P11, apnaa,u/’na>a (127)

where the channel scattering operator, Sgq = @gQ(”T(b)Q(_)(a)@a, is used to
express the scattering matrix in terms of the non-interacting bound subsystems
in the channels a and 8 (the channel g is associated with the partition b). The
channel scattering operator, Sga, is a mapping from H, to Hg. The channel
Hilbert spaces are spaces of square integrable functions of the experimentally
observable degrees of freedom in each scattering channel.
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In a scattering process, the incoming (—) states look like free bound clus-
ters long before the collision, and the outgoing (+) states look like free bound
clusters long after the collision. Since there can be scattering from the channel
a to the channel g8, the incoming and outgoing scattering states for different
channels with different asymptotic conditions (+) are not orthogonal; however,
the scattering states for different channels with the same asymptotic condition
(%) are orthogonal and complete if the bound state channels are included. This
assumes that the theory is asymptotically complete, which is an assumption
that the original Hamiltonian is not pathological.

While the scattering matrix is the inner product of states satisfying incoming
(=) and outgoing (+) asymptotic conditions, it can be expressed in terms of
only the incoming scattering states

|O5) (1, a1, -+ 5 Prgy iy ))-

This is because Q(H)T(a) and Q=) (a) both involve limits of e~** with ¢ — 4-o00.
While the scattering matrix elements could also be expressed in terms of states
with the (+) asymptotic condition, in both cases t — +o0 is a preferred direction
of time evolution in scattering reactions.

The resulting expression for scattering matrix elements is

(ﬂaplluu'lla"' 7p;zba“;1b|sﬁa|a7pla“17"' apnanu'na> =
8ga | [ 6(P% — Pi)Sus
[

—2mi 6(E,ﬁ_Ea)<p,1a ,u'lla e ,p;b,u;b|@gHb|\I/g_)(p1, M1y apna’una»? (128)

where H® := H — H, is the part of H that only has interactions between
particles in different clusters of b. For short-range interactions, the operator H?
will vanish as the clusters of b are asymptotically separated. Equation (128)
can be expressed in operator form using the notation in (125):

Spa = 180 — 2mi6(Ej — Eo) 0L H*Q(7) (a)@q, (129)

where
TP .= oL HQ) (a) D, (130)

is the right half-shell transition matrix element. The presence of the energy
conserving delta function d(Ej — Eq) ensures that the scattering matrix is only
defined for on-shell values of the energy.

Assuming that the Hamiltonian commutes with the total linear momentum,
the differential cross section for scattering from a 2-cluster channel « to a general
channel B can be expressed in terms of the above quantities as

(2m)*

do = |8V | <p11”u11’ 7p',n,b’H;zb||(I)LHbQ(_)(a’)®0t”pl’ﬂ‘l’p2’u2>|2
T

ny np np (131)
x 8()_Ej— Ey — E»)5()_pj — p1— p2) [ [ dpi-
j=1 j=1 i=1
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In the above expression, v, is the relative velocity of the incoming pair of par-
ticles and s = [] k4! is a statistical normalization factor for identical bound
states in the final state, with k; denoting the number of identical bound states
of type ¢ in the final state. In (131), the ||---|| indicates that a momentum
conserving delta function has been factored out of the expression so that

(P 1L+ Py iy [P HPQT) (@) @0l Py, i1, P2, pi2) =

np

8(Y _P=P1=P2) (Pl -+ » Py iy, |REHP Q) (@) D[P, 1, P2, o) (132)

j=1

The differential cross section in (131) contains several independent variables, but
in an experiment one chooses the variables that will be measured and integrates
over the remaining variables in order to eliminate the delta functions. The
differential cross section is only defined for on-shell matrix elements.

Spin dependent scattering

More details about the Hamiltonain cah be extracted by considering the
spin dependence of the cross section. The formula for the cross section is an
idealization with respect to the polarizations. No experiment has perfectly
polarized targets, beams or can perfectly identify polarizations in detectors.
The uncertainties can be treated using spin density matrices.

We assume that the polarizations in the target and beam have a classical
probability distribution given by the density matrices

Po = | i) Py, (s X I (133)

pt = |1t) Pe, (pe] X I (134)

where Py,, and P,, represent the classical probability for a particle in the
beam (target) to have spin polarization up (u:). Averaging over initial over
initial initial spin and target states gives

om)t _ _
do =Y (2m) (P11 Prs Bl TP Bb, Kb, D 148) Pbjsn sy Pt ae X

vs
Mot
<I_)b; Mo, I_Dta ,u‘t”TaﬁT”pla M- ’pﬂd”’ﬂ)X
N N N
5((po) + (Pt} — Y _Pi)O(Ey + Be — > E;) [ ] dps. (135)
=1 =1 =1

In this expression there are

In these expression we chose spin bases where the density matrices are di-
agonal; in general the density matrices are Hermitian matrices with unit trace.
In a general spin basis the above expression is replaced by
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(2m)* B _
do = (P11 5 Proy I T (| by 1oy Pt 1) Py ], P, X

Vs
122°Y2%7
(Do, i Dty e TPTIP1, g1+ - 5 Py ) X
N N N
5({po) + (Pe) — > _Pi)S(Ep + By — Y E) [ dps. (136)
=1 =1 =1

It is useful to define the matrix

(1, 2y -+ | T, i)

In this notation the differential cross section becomes

(2m)* N N
do = Z ?T popeTO((Po) + (Pe) — Z pPi)d(Ey + E; — ZEz)x

Mot

N

H dpz(ply K1 3 Pny l/'n”Taﬂ“f)b, Hb, f)h ut>

i=1

The quantity is diagonal in the final spin indices, however just like in the

case of the initial spins, it will not be diagonal is a general spin basis. There
are ((2j1 + 1)-++(2jn + 1)) = N? possible combinations of final spin indices.
Computationally the final state information can be encoded a final state density
matrix. This is normally treated by constructing a basis of independent N x N
Hermitian matrices S; with the property

TI‘(SiSj) = (51'3' (137)
General polarization observables can be computed using

_ Tr(S*TpsppT")

P’i
Te(TpeppTT)

(138)
which is the ratio of the S; polarized cross section to the cross section summed
over all final spin states. In this notation a general polarization observable can
be computed as

t o
O = i), = THOSIP" .
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1 Two potential scattering

When the Hamiltonian is a linear combination of an interaction that must be
treated non-perturbatively one that can be treated perturbatively it is useful
to use the two-potential formalism of Gell-Mann and Goldberger. To illustrate
how this works assume a Hamiltonian of the form

H=Hy+V,+V, (140)

where V5 is strong and V,, is weak. First consider the case of two-body scat-
tering where both interactions are short-range interactions. In this Hy is the
asymptotic Hamiltonian and the scattering operator can be expressed as

S — hm 6iH0te—2th€iHot —
t—o00
lim elHote—’L(H0+V5)te’L(H()JrVS)te—ZZHte’L(H()JrVS)te—’L(H()JrVS)telH()t. (141)

t—o0

This can be replaced by the product of three limits

lim eiHote—’i(Ho-i-Vs)t lim ei(Ho+Vs)te—2thei(Ho+Vs)t lim e
t—o0 t—o0 t—o0

—i(Ho-‘er)te’iHQt

(142)
This is valid if all three limits exist. This gives

S =l (Ho + Vi, Ho) lim e/ HotVeltem2iHigUHot Vol _(Hy + V;, Ho). (143)
Since V,, is weak it can be treated by perturbation theory. To do this define
interaction picture evolution operator

U(t, t/) _ ei(H0+VS)te—iH(t—tl)e—i(Ho+Vs)t/ . (144)

U(t,t’) the solution of the integral equation

¢
Ut =I—i | Vg UR" t)dt"  Vip(t) = elHotVoltyy, emilHot Vo)t
t/
(145)
Using the Dyson trick to remove the iterated integrals the iterative solution of

this equation can be expressed as a series of time ordered products of Viy (t)
integrated over a single time interval:

Ut,t) =TI+ (_ni!)n /t dty - dt,T(Vig (t1) - - Viw (tn)) (146)

where T is the time ordering operator. To use this in (145) let t — oo, ' — —o00
which gives the following expression for the scattering operator

S = Qt (Hy + Vs, Ho) x
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I+ (_,f!)n /_o:o dty - dtnT(Viv (1) -+ Viw (ta))]Q— (Ho + Vi, Ho) - (147)

n

The leading three terms in this perturbative series for the scattering operator
are

S = Qb (Hy + Vs, Ho)Q—(Ho + Vs, Hp)

—i/ dt1 Q% (Ho + Vi, Ho)Vi (81)Q— (Ho + Vs, Ho)

— 00

1 o0 o0
_5/_ dtl/_ dt-90% (Hy + Vi, Hy)x

[Viw (1) Viw (£2)0(t1 — t2) + Vi (22)Viv (21)0(t2 — t1)) + -+ -]
Q_(Ho + Vs, Hp). (148)
Expanding in eigenstates of Hy + V; and using the representation for the Heav-

iside function,
1 [ dse’st
0(t) = — —_— 149
®) Qﬂi/oos—’i6+’ (149)

gives
S =
> 0l (Hy + Vi, Ho)[n)(n|Q— (Hy + Vs, Ho)

n

—i Z/ dt1 Q% (Hy + Vi, Ho)|n)eEn=Em)t (n|V, |m) (m|Q_ (Ho + Vs, Ho)

1 0 [eS)
-3 Z/oodh [wdtQQL(Ho+Vg,H0)|n>[<n|Vw|k><k|Vw|m>x

mnk ¥
ei(En_Ek)tl ei(Ek—Em)tga(tl _ t2)+
(n|Vip| k) (k| Vi |m) et Br =Btz i Be—Em)tig g, _¢,) 4 ...
(m|Q_(Ho + Vs, Ho) + -+~ (150)
This gives
S = Qb (Hy + Vs, Ho)Q—(Ho + Vs, Hp)
—i2n8(Ey — E;)QL (Ho + Vi, Ho)VieQ— (Ho + Vs, Hy)]
1 oo (o9) o0 T
-5 Z dt, dto dsQ' (Hy + Vg, Ho)|n)[(n| V| k) (k| Vi |m) %

mnk ¥
eis(tl—tz)
(271) (s — i€)

is(tg —tl)

et (Bn—Er)t1 oi(Ey—Em)ts

e

’i(En—Ek)tQ ’i(Ek—Em)tl -
Vil k) K| Vil e i) (s —ie)

[m|Q_(Ho+Vs, Ho)+--- =
(151)
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S = Ol (Ho + Vi, Ho)Q— (Ho + Vi, Ho)
—i2n8(E; — E;)QL (Ho + Vi, Ho) Vi (Ho + Vs, Hy)]

(n| Vi |k) (k[ Viy |m)
(2m3) (B, — Evy — i€)

2 (2m)?

> 8(En—Ep)QL (Ho+Vi, Ho)ln)| Q_(Ho+Vs, Ho)

(152)
S = Q. (Ho + Vi, Ho)Q— (Ho + Vi, Ho)
—i2n8(Ey — E;)QL (Ho + Vi, Ho)Viw Q— (Ho + Vs, Ho)]
1
E;,— Hy—V; +ie

—2mid(Ey — E;)QL (Ho + Vs, Ho) Vi VivQ_ (Ho + Vi, Ho) +- - -

(153)
This is exactly the second Born approximation in the strongly interacting eigen-
states.
For the multi-channel case it is enough to replace the two-body wave oper-
ators by the channel wave operators

Sap =%, (Ho + Vi, @, Ha)Qs— (Hy + Vs, @, Hpg)
— i2n6(Ey — B, (Ho + Ve, @, Ha)Viy Qs (Ho + Vi, g, Hp)
— 2mid(Ey — E;)x
1
E;,— Hy—V,+ie

Ol (Ho + Vs, @, Ho) Vi

VwQ_g(Ho+ Vs, @5, Hg) + - - -

Unitarity

The assumption that the range of 21 is the orthogonal complement of the
subspace spanned by the bound states of H means that the scattering operator
is unitary. This condition is called asymptotic completeness. It can be
proved for some interactions, but it is normally assumed.

The scatttering operator conserves energy so it can be represented

(E,a|S|E’> :5(E,_E)S(E)

Unitarity requires

Sts=r1

which in the energy basis has the form

(E',---|S'S|E,---) = 6(E' - E)S(E)SY(E)
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To be specific consider two body scattering in the CM frame.

Normally the

basis |kﬁ, pip2). To treat unitarity it is useful to transform to an energy basis

/|k Vi2dkk| = /|k Vo2 dEk|/|k k2—dEk| /|E dEE)

which means

dk
Kk S = 1)

for
_kdk_p
2 dE  k
|k)Vkp = |E)
(E,l;, V1V2|S|E/ l;/ Via”é)
S(E—E")6(k—K')8,,,; 8,1, —2mi6(E—E') —— \/}7
|S(E) =1 —2miT(E + ie)

(B, k,v1,0|T(E+ie)|E', K,

7/1’2\/7

Note that while the operator T(E + ie) is function of z = E + i€, the operator

does on commute with H. The unitarity condition becomes

I =1-2ni(T(E + ie—) — T(E — i€)) + 4n°T(E — ie))|E")dE" (E|T (E + ie)

Summary of formulas:

Scattering probability

P = [(H(0)[T7(0))]* = (& (@)L ()]

Scattering asymptotic condition

initia conditions for scattering solutions

im ([0 () — W 6)]) = 0

Equations of motion

(155)

(156)

interacting and non-interacting scattering solutions

L dVE®R)
+
”LW — Ho|UE(t)
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Mgller wave operators
transform non-interacting to interacting scattering solutions

Q:t — t_lg,tnoo e’l:Ht/rLe—iHot/ﬁ (159)
[U*(8)) = Qe |V (¢) (160)

Intertwining relation
leads to energy conservation in §

HOQL =QLH, (161)
Scattering operator

replace dependence on interacting wave packets by dependece on
non-interacting wave packets

P = |(¥§ (0)|2L0-| %5 (0)]° (162)
P =[(¥g (0)|S|¥5 (0))” (163)
S=0lo_ (164)

[S, Ho] =0 (165)

Relation of S to dynamics

(T (018195 (0)) = (T (0)|(I — 2mid(Es. — E_)YT(E- +ie)| U5 (0))  (166)

Transition operator

T(2)=V+V(z—-H)™'V (167)

Lippmann Schwinger equation for the transition operator
T(z) =V +V(z—Hy) 'T(2) (168)

Solved form of scattering wave functions
Lippmann Schwinger equation for the scattering wave function
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[T=(0)) = [k*)dk(k|[ 75 (0) (169)

k*) = |k) + (k*/2u— H Fie)"'V[k) =
k) + (k*/2u — Ho F ie) "' V|Kk™) (170)
Relation between scattering wave functions and transition operators

(KT 2 £ o)) = (i [V]Ic) )

(KT 2 £ ie)lk) = (K |V[k) (172)

Coordinate space representation of Lipppmann Schwinger equation

ik|r—r'| /R
+\ _ + [ et / 1yl
(i) = i) = B [ o am
Large r limit of scattering wave functions
scattering amplitude

1 eikr

lim (r|k*) — (etr/h 4 ——F(ki,K)) (174)

r—00 (27rh)5/2

Relation of transition operator to scattering amplitude

F(K', k) = —(27)*hp(k|T(E + i€) k) (175)

Differential cross section
removes dependence on free wave packets assuming that they are
narrow

(277)4712 o . 2 / / N
do = |(p1, P5|T(E + i€)|p1, p2)| "6 (E" — E)6(P’ — P)dpidp; (176)
Exact form for transition rates
exact form of golden rule

dP 27 .

o = 7 [(PLPalT(B+ i€)|p1, p2)[*6(E' — E)6(P’ — P)dp)dp} =
21
= (P, P2) " [Valp1, p2)|*6(E' — B)3(P' — P)dp' dp) (177)

33



Scattering phase shifts

S =29 (178)

Partial wave representation of phase shifts

9] l
(K|S|k) = (K'|e*[k) = > Y Vi (K)e* By (k) (179)

=0 m=-1

Two potential formulation of Gell Mann Low
used in strong + Coulomb
resonance calculations

H=Hy+Vi+V; Vi>>VW, (180)

T(2) ~ Ty (2) + Q1 Vo (181)

Impossibility of constructing V from S.
: _ —iHot/ﬁ — T _
t—1>1£|:noo I(A—=1TI)e |[TY| =0 ATA=1 (182)

H =ATHA=Hy+V' &8 =8 (183)

Treatment of resonant decay

1 r/2

~_ L 184
Wk E— By — AE+iT/2 (184)

7 =h/T (185)

I =2 / (BIValk')dK'5(k" /25 — K /2) K/ [Vi | By) (186)

Optical theorem
construct total cross section from forward scattering amplitude

Sts=1 (187)
k
Im(F(k,k)) = T 0t (188)
e l
(rlk®) =" > YL @)k, DY (k) (189)
=0 m=-1



Partial wave Lippmann Schwinger equation

(rlk=,1) =

4 (—i)! 2uk [

(27h)3/2 E

Relation to partial wave transition operator

4ar(—4)!

tl(k‘,k,kZ/zM‘i’Zﬁ) = W

/ Gi(kr /R)r"2dr'V (') (r|kE, 1)
0

Relation to phase shifts

2 2 ; Amh s,
fi(k) = —(2m) uht,(k, k,k*/2u + i€) = - ¢ tsin(d;)

ik, by K220 + d€) = ——— €l sin(3))
) b 7'['#,{:

4m(—i)t h

— e sin(4;)

+ el WL
(rlk=,0) = (2wh)3/2 kr

Identical particles

F(K' k) = (F(k',k) £ F(-K,k))

F(k,0) — (F(k,0) + F(k,7 — 0))
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(ilkr/h) —i— ; Gi(kr < /h)h; (kr > [h)r"2dr'V (r'){r|k™,1)

(190)

(191)

(192)

(193)

(194)

(195)

(196)



