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Chapter 2: Resonances

I. BOUND STATES AND FREE STATES

A curious feature of wavefunctions in infinite space is that they come in two distinct
varieties: (i) bound states that are localized to one region of space, like the ground state
of a harmonic oscillator, and (ii) free states that extend over the whole space, like plane
waves. In fact, both kinds of states can co-exist in a single system.

A simple model exhibiting this is the 1D finite square well. Consider the Hamiltonian

A ﬁQ
H=—-U0O(a— |2|), 2.1
2 U6 (21)
where z and p are 1D position and momentum operators, m is the particle mass, U and a
are positive real parameters governing the potential function, and © denotes the Heaviside
step function (i.e., 1 if the input is positive, and 0 otherwise). As shown below, the potential

forms a well of depth U and width 2a, and vanishes elsewhere.
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For such a Hamiltonian, the time-independent Schrodinger wave equation can be solved
efficiently using a technique called the transfer matrix method. Here, we will describe
a few key aspects of the calculation, bypassing most of the details. For a more detailed
discussion of the transfer matrix method, refer to Appendix B.

We begin by noting that deriving solutions to the Schrodinger wave equation, like any
other differential equation, requires us to specify boundary conditions.

If we are interested in bound state solutions, we look for wavefunctions that diminish
exponentially as  — +o0o. For |z| > a, the Schrodinger wave equation reduces to

h? d*)
————=FK 2.2
2m dx? (@), (2:2)
subject to the boundary conditions
(x) ~ e as x — oo (2.3)

for some real k. The functions satisfying Egs. (2.2) and (2.3) are

h2k?

m

Y(r) = cp ™ where —

—E, ¢ €C. (2.4)
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Evidently, such a solution requires £ < 0. Moreover, the variational principle implies that
E > —U, so the bound state energies are restricted to the range —U < E < 0.

It is also possible to show that the bound state energies are discrete, and that each bound
state wavefunction can always be normalized:

/Oo W(@)2de = 1. (2.5)

The normalization integral is finite since |1 (z)|? vanishes exponentially for z — +o0o. These
two properties follow from the analysis of the general class of “Sturm-Liouville-type” differ-
ential equations; for details, refer to textbooks such as Courant and Hilbert [3].

For a free state, the situation is quite different. In this case, the wavefunction does not
vanish exponentially at infinity, but instead takes the form

a_e*r p p_e7kr  x < —q
Y(z) = < (something), —a<z<a (2.6)
Q. eikcL‘ + B+ efikx, r>a

for some real k. Right now, we are not concerned about how ¢ (x) behaves in the well region
—a < x < a. We focus on the outside region, where ¥ (x) consists of superpositions of
left-moving and right-moving plane waves. To satisfy Schrodinger’s equation here, we need

Rk

) 2.
= 27)

which implies that & > 0. For each F, the coefficients a. and [+ are not independent, but
are linked by a linear relation (see Appendix B). Unlike the bound states, the free states are
not discrete; there exist free states for every E > 0.

K °

Moreover, since |1)(x)|* does not diminish at infinity, the integral ffooo |t(x)]? dx is diver-

gent, so these wavefunctions cannot be normalized to unity.

The following figure shows numerically-obtained results for a square well with U = 30
and @ = 1 (in units where A = m = 1). The energy spectrum is shown on the left side.
There exist five bound states; their plots of |¢)|? versus z are shown on the right side. These
results were computed using the transfer matrix method described in Appendix B.
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Many of the lessons drawn from the square well model can be generalized to more compli-
cated potentials. In cases where the potential at infinity is V., rather than zero, free states
occur for F > Vg and bound states occur for min(V) < E < V.

There is an important proviso to bear in mind. If we vary the potential, the number
of bound states can change: i.e., bound state solutions can either appear or disappear. A
numerical example is given below, showing the bound state energies for the square well
model with fixed a = 1, as we vary the potential minimum —U:
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For U = 30, there are five bound states, which disappear one by one as we make the potential
well shallower. Note that one bound state survives in the limit U — 0. There is a theorem
stating that any 1D attractive potential, no matter how weak, always supports at least one
bound state. For details, see Exercise 1.

In 3D, it is possible for an attractive potential to be too weak to support a bound state.
Intuitively, this happens when the zero-point energy of a prospective ground state exceeds
the well depth. The figure below shows a numerical example, calculated for a uniform
3D spherically symmetric well (the {’s labeling the various curves are angular momentum
quantum numbers). To learn more about this phenomenon, refer to Exercise 2.
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II. QUASI-BOUND STATES AND RESONANCES

For the 1D finite square well, there is a clear distinction between bound and free states.
Certain potentials, however, can host special states called “quasi-bound states”. Like a
bound state, a quasi-bound state is strongly concentrated in one region of space, yet it lies
within the energy range of the free states continuum. As we shall see, quasi-bound states
play an important important role in scattering experiments.

The figure below shows an example of a potential function that gives rise to quasi-bound
states. In the exterior region, |x| > b, the potential is zero. Between x = —b and z = b,
there is a “barrier” of positive potential V,. Embedded in the middle of this barrier is a
central well of depth U and width 2a, such that 0 <V, — U < V},.

Va
Vit
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The potential is purely repulsive (i.e., V' > 0 everywhere), so there are no true bound states.
All the exact eigenstates of the Hamiltonian must be free states.

However, there is something intriguing about the central well. Consider an alternative
scenario where the potential in the exterior region is V} rather than 0, so that

‘/b - U7 |I’| <a,
Vai(z) = 2.8
() { Vi, otherwise. (28)

This describes a finite square well, which should have one or more bound states in the energy
range V, — U < E < V. For each of these bound states, the wavefunction v (z) diminishes
exponentially away from the well, so ¢¥(z) ~ 0 for |z| > b. But V(z) and V,(x) differ
only in the region |z| > b, which implies that ¢ (z) is a good approzimate solution to the
Schrodinger equation for the original potential V' (z), in spite of the fact that V() does not
support true bound states! We call such an approximate solution a quasi-bound state.

We can also analyze the situation using the scattering framework from the previous
chapter. Consider an incident particle of energy £ > 0 whose wavefunction is

This produces a scattered wavefunction, which takes the following form in the exterior region:

f— e—ikiz7 T S _b

, 2.10
frekie x>0 ( )

s(x) = U; X {

The scattering amplitudes f, and f_ can be found by solving the Schrodinger wave equation
using the transfer matrix method (see Appendix B). The figure below shows numerical results
obtained for U =20, V, =30, a =1, and b € {1.2,1.4}, with A=m = 1.
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The vertical axis shows the transmittance |1+ f, |?, which is the probability for the particle
to pass through the scatterer. The horizontal axis is the particle energy E. Unsurprisingly,
for E <V, — U the transmittance approaches zero, and for £ 2V}, it approaches unity. For
V, — U < E <V, the transmittance forms a series of narrow peaks; for larger b (i.e., when
the central well is more isolated from the exterior space), the peaks are narrower. At the
top of the figure, we have also plotted the bound state energies for the square well potential
Vair(z). These energies closely match the locations of the transmittance peaks!

If we look at the total wavefunction ¢ (x), we find other interesting features. Below, we
plot [¢(x)[* versus z at the energies of the first three transmittance peaks, along with the
corresponding bound state wavefunctions for V. At each transmittance peak, |¢(x)[? is
very large in the potential region, and its shape is very similar to a bound state of V.
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The enhancement of |1)(z)|? is called a resonance. Roughly speaking, the incident parti-
cle enters the scatterer, and spends a long time trapped in the quasi-bound state, before
eventually leaking out and escaping to infinity.

This is analogous to the phenomenon of resonance in a classical harmonic oscillator.
When a damped harmonic oscillator is subjected to a periodic driving force, it settles into
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a steady-state oscillatory motion at the driving frequency. If the driving frequency matches
the oscillator’s natural frequency (i.e., the frequency of free oscillation in the absence of a
drive), the oscillation amplitude becomes large, and the system is said to be “resonant”.
In our case, the incident wavefunction plays the role of a driving force, the energy of the
incident particle is like the driving frequency, and the energy of the quasi-bound state is like
the ocillator’s natural frequency.

Resonances play a critical role throughout experimental physics. Experiments are often
conducted for the express purpose of locating and studying resonances. When a resonance
peak is found, its location and shape can be used to deduce various features of the quasi-
bound state, which in turn supplies important information about the underlying system.

III. GREEN’S FUNCTION ANALYSIS OF SCATTERING RESONANCES

Quasi-bound states and resonances are not limited to 1D, but are also important in 2D
and 3D. A convenient way to analyze them, in a general context, is to use the quantum
Green’s function formalism from the previous chapter.

Let H =T + V be the Hamiltonian of a system supporting resonances, where T is the
kinetic energy operator and V' is the potential operator. We decompose the potential into

V=V,+W, (2.11)

where Vj is a “confining potential” that supports a bound state, and Vi is a “deconfining
potential” that turns the bound state into a quasi-bound state. For example, the figure
below shows the potential functions for the 1D model discussed in the previous section:
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When the potential is just V, let there be a bound state |) with energy Fy. Furthermore,
let us assume that the potential supports a continuum of free states {|¢)} with energies
{E}, where k is some continuous index for labelling the free states (we will discuss what
this index might represent later). The states satisfy the Schrodinger equation

(T +Vo)le) = Eole) (2.12)
(T + Vo) lbw) = Exltbw), (2.13)

along with the orthogonality and completeness relations

(pln) =0, o)l + > 1) (] = 1. (2.14)
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Here, ), represents a sum over all free states. Since the free states form a continuum, this
sum will have to be expressed as an integral by re-normalizing the free states (e.g., delta
normalization), as discussed in Section II of the previous chapter. For the moment, however,
we will leave it as a discrete sum, with the free states normalized to unity.

As described in Section VII of the previous chapter, the causal Green’s function is

~ N N —1
Go(E) = lim (E T T+ is) . (2.15)

e—0t

Now introduce the deconfining potential Vi According to Dyson’s equations (from Sec-
tion VI of the previous chapter), the Green’s function for the full system is

G = Gy + GV G,. (2.16)

Note that this is exact, not an approximation. From G’(E), the scattering amplitudes can
be determined. We will calculate the matrix elements of G(E) by using |¢) and {|i)} as a
convenient basis (note, however, that this is not the energy eigenbasis of H).

As usual when dealing with Dyson’s equations, we must note that G appears on both the
left and right hand sides. Let us judiciously insert a resolution of the identity, as follows:

G =Gy + GIVIGy
G40 (I@(@I s |¢k><¢k|) 71
k

We now compute the matrix element (|- - -|¢) for both sides of the equation:

(2.17)

(PIGle) = (plGole) + (#Gle) (2l ViGole) +Z | Glubw) (Vi ViGolep)

(lGle) (1= (plVhGole)) = (wlGol) + 3 {¢lGln) (Tl

(pVilp 1 : ’
Jg(gg(solGI@( 7 Eﬁ%) lim Bt e (H%:@IGIW <¢k|V1|s0>>

lim (p[Gle) (B = Bo — (plTilg) +i2) = 3 (elGlw) (Wl Vale) = 1. (2.18)
k
Similarly, computing the matrix element (|- - -|¢y) gives:

(@IGln) = (lGoltn) + (0lGlo) (IViGoluw) + Y (@I Glvw) ([ ViGolur)
k/

e—0t+

— lim (E — By, +ie)”" ((g@|é|g0> (lViln) + > (@l Gloow) <wk/|\71|¢k>> :

So far, the equations have been exact, but now we apply an approximation: in the last
line of the above equation, let the factor of (p|G|p) be large, so that the first term in the
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sum becomes dominant. It will be shown below that (¢|G|p) being large is precisely the
resonance condition, so this approximation will be self-consistent. With this, we obtain

(lGle) (el Valvn)

8 ~ i 2.1
(plGlen) ~ lim E— B tic (2.19)
Combining this with Eq. (2.18) gives
_ i elGle)(elVilve) , (o
lim | {o|G|) (E Ey — {glVilp) +Z€) zk: 5B, e (dVile)
Hence,
(el C(E) o) : (220)
E — Ey — (¢|Vi]p) — E(E)
‘ 2
where X(E) = lim M (2.21)

The complex quantity 3(E) defined in Eq. (2.21) is called the self-energy. We will show
later that Im[¥] < 0, and discuss its physical meaning. Although ¥ is E-dependent, we
assume for now that the dependence is weak, so that it can be treated like a constant.

From Eq. (2.20), we see that (p|G(E)|¢) is large when the denominator is close to zero,
which is consistent with the earlier approximation that led to Eq. (2.19). This “resonance
condition” is satisfied when

E =~ Ey+ (g0|171|g0>+Re[E] = Fles. (2.22)

The real quantity Fie is called the resonance energy. It is the sum of three terms: the
energy of the original bound state (in the absence of V), the energy shift induced by V7,
and the real part of the self-energy . Based on Eq. (2.21), we can interpret this last term
as being induced by the presence of the free states {|y)}.

In Section VIII of the previous chapter, we derived the following relationship between the
Green’s function and the scattering amplitude f:

flk = K) x K|VIK) + (K|VGVK). (2.23)

Here, |k) and |k’) are incident and scattered plane wave states satisfying |k| = |k’|. The
first term describes the lowest-order scattering process (the first Born approximation). The
second term contains all second- and higher-order scattering processes. By inserting reso-
lutions of the identity between each V' and G operator in the second term, we find that f
contains a contribution of the form

(K V o) (V)

Af(k = k) o (KIVI)(plGlo)(elVIk) = F=7= im[%]

. (2.24)
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At resonance, the denominator is small and hence Af is the dominant contribution to f.
It is worth emphasizing that Af has contributions from all terms in the Born series, not
just low-order terms. The particle bounces around inside the scatterer many times before it
escapes, so high orders in the Born series contribute to the outcome.

The figure below shows the energy dependence of Af, according to Eq. (2.24):

ar
|Af|2 X g(f)
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2|Im[x]| .
2
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The shape of the graph of |Af|? versus E is called a Lorentzian. It forms a peak centered
at Fies. The width of the peak can be characterized by the full-width at half-maximum
(FWHM), the spacing between the two energies where |Af|? has half its maximum value.

It can be shown that
SEFEWHM) _ o ‘Im[E]). (2.25)

Thus, the closer Y gets to being a real quantity, the sharper the peak.

The phase arg[Af] also contains useful information. As E crosses F,.s from below, the
phase increases by m. The energy range over which this phase shift occurs is ~ |Im[X]|.

These two signatures—peaks and phase shifts—are sought after in numerous real-world
scattering experiments. In actual experiments, the peaks and phase shifts are often overlaid
on a “background” caused by non-resonant processes. For example, the plot below was
released by the CMS experiment at the Large Hadron Collider (LHC), showing a resonance
peak on a large background. This was part of the evidence for the discovery of a new particle,
the Higgs boson, in 2012.
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IV. FERMI'S GOLDEN RULE

We have seen that the width of a resonance is determined by Im[Y], the imaginary part
of the self-energy. In this section, we will show that Im[Y] represents the decay rate of

a quasi-bound state, and that it can often be approximated using a simple formula called
Fermi’s Golden Rule.

Suppose we set the state of a particle to a quasi-bound state |¢) at time ¢t = 0. Since |¢)
is not an exact eigenstate of the Hamiltonian, the particle will not remain in that state for
t > 0. Over time, the wavefunction will leak out of the potential well, corresponding to the
“decay” of the quasi-bound state into the free state continuum.

The decay process can be described by

P(t) = |(elexp (~ifit/n) ¢)

which is the probability for the system to continue occupying state |¢) after time t. To
calculate P(t), let us define the function

£(t) = {<g0| exp (—@fhﬁ/h) lp)e e, t>0
0, t <0,

2
)

(2.26)

(2.27)

where ¢ € RT. For t > 0 and ¢ — 0", we see that |f(¢)|* — P(t). The reason we deal with
f(t) is that it is more well-behaved than the actual amplitude (@|exp(—iHt/h)|¢). The
function is designed so that firstly, it vanishes at negative times prior to start of our thought
experiment; and secondly, it vanishes as ¢t — co due to the “regulator” €. The latter enforces
the idea that the bound state decays permanently into the continuum of free states, and is
never repopulated by waves “bouncing back” from infinity.

We can determine f(t) by first studying its Fourier transform,

F(w) = / dt e f(t) = / dt et <<,0]e’im/h]go). (2.28)
—00 0
Now insert a resolution of the identity, I = Y |n)(n|, where {|n)} denotes the exact

eigenstates of H (for free states, the sum goes to an integral in the usual way):

Pl)= [ de et S e 0 ()
0

n

= ;Qp[n) (/Oooldt exp [z (w - % + i5) t}) (nle) (2.29)
— Z<g0|n>w_+n+w<n‘90>

n h
. -1
= 1h (¢ <hw —H+ iﬁe) |©).
In the third line, the regulator ¢ removes the contribution from the t — oo limit, as desired.

Hence, we obtain )
lim F(w) = ih (p|G(hw)|p), (2.30)

e—0t
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where G is our old friend the causal Green’s function. The fact that the causal Green’s
function shows up is due to our definition of f(¢), which is non-vanishing only for ¢ > 0.

As discussed in the previous section, when the resonance condition is satisfied,

1
E — By — ilm[y]’

(Pl G(E) o) ~ (2.31)

where FE.. is the resonance energy and X is the self-energy of the quasi-bound state. We
can now perform the inverse Fourier transform

* d

. _ 1 —iwt F
aligl* f(t) 51—1>I(§£L — 0o 2 ¢ (w>
: oo —iwt
" dw ‘ (2.32)

T ) 0 (Bres +dm[Y)) /R

1 F st |Im[X]|
=exp| — 5 exp E— t].

In deriving the last line, we performed a contour integration assuming that Im[>] < 0; this
assumption will be proven shortly. The final result is

2[lm[X]]

P(t) =e™" where k= :

(2.33)

Let us now take a closer look at the self-energy Y., which was defined in Eq. (2.21):

Ll 2.3)

where |p) and {|¢;)} are the bound and free states of the model in the absence of V;, and
E}. is the energy of the k-th free state. We can calculate the imaginary part as follows:

(28] = lim 3 fulvila)| (=)

e—0t

o (2.35)
_ _g ‘<¢k|‘/1|90>‘ Lli%i (E—Ei)2+€2} '

The quantity in the square brackets is a Lorentzian function, which is always positive. Hence,
Im(X) < 0, as previously asserted. The Lorentzian function has the limiting form

lim — = (). (2.36)

e+ 12 + g2

This is because the Lorentzian gets sharper as ¢ — 07, but the area under it is 7. Hence,

m[2(B)] = -7 > [(GlVile)|” (B — Ey). (237)
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Due to the delta function, non-vanishing contributions come only from values of k£ such that
E = Ej. We can use this fact to further simplify the result. Consider the first term in the

sum in Eq. (2.37), |(@sz|\71|<,0> ‘2. It is k-dependent, but we can let

| (Wi | Vi) |

denote its average value over the values of k for which £ = Ej. Then we can approximate
Eq. (2.37) by pulling that term out of the sum:

m[S(E)] ~ = [ VAT (z A (E - Ek>> | 239

Hence, the quasi-bound state’s decay rate is

WE = (| Tile)|

2.39
B =Y sE-g). O
k

K~ — {I/V(Eres)|2 p(Eres), where

This result is called Fermi’s golden rule. It states that the decay rate of a quasi-bound
state is directly proportional to two factors. The first factor, |W (FEes)|?, describes the
strength of the coupling between the quasi-bound state and the free states. It is computed
from (¢y|Vi|p), which called the transition amplitude, using free states meeting the
resonance condition Ej = FE,.; the stronger the coupling, the faster the decay. The second
factor, p(Eyes), is the number of free states per unit energy at energy F.s; the more free
states available, the faster the decay.

Often, these two factors are estimated using further approximations. One common trick
is to treat the free states as plane waves (we will see an example in the next section).

When using plane waves to approximate {|iy)}, the k labels are d-dimensional wave-
vectors. In this case, it is convenient to amend Eq. (2.39) to treat k-space as a continuum,
following the procedure discussed in Section II of the previous chapter: we introduce a
k-space discretization dk = 27/L, where L is the system size in each direction; then, as
L — oo, the discrete sum ), appearing in the definition p(E) in Eq. (2.39) can be turned
into an integral. In place of p(E), we can define the density of states

D(E 'k 0(F —FE 2.40

which counts the number of free states with energy E per unit energy and per unit volume.

After converting the sum to an integral, there is an inverse factor [ddk / (27T)d} Th = L7 left
over, which has to be grouped with the |[IW|? term in Eq. (2.39). At the same time, we have
to re-normalize the free states in the definition of |[W|?. If we follow the delta normalization
convention discussed in Section II of the previous chapter,

mew) _ [ L AR 2.41
) o) )@Y, (241)
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then Fermi’s golden rule is re-expressed as

WE) = @n)* | Gonce Vile)|

D(E) = / (;i:;d S(E — By).

Kk~ W(Ew)|” D(Ew),  where (2.42)

V. FERMI’'S GOLDEN RULE IN A 1D MODEL

Let us apply Fermi’s golden rule to the simple 1D model of Section II. The potential is
Vo(z) = —UO(a — |z])
V(z) = Vo(x) + Vi(z), where Vi(z) = V, ©(b— |z]) (2.43)
0< U<V,

The finite square well Vj(z) supports one or more bound states; for simplicity, we focus on
the ground state, whose energy is denoted by Fy (where —U < Ey < 0). Its wavefunction is

olz) = A cos(qz), lz] < a (2.44)
B exp (—n|z]), [z = a,
where A and B are constants to be determined, and
2m 2m
q= ﬁ(EmLU), n= ﬁ’Eo\- (2.45)

By matching ¢(z) and dp/dx across the x = a interface, we can derive Fy, A, and B. The
details are left as an exercise.

Once we have obtained (), we want to use it to find the transition amplitude (¢;|V1|p),
where 1, (z) is a “representative” free eigenstate of Vy(z) that the quasi-bound state decays
to. We can estimate this with a series of tricks. First,

(Wl Vi) = / " de i (o) Vi) ola) = Vi / o (o) pla). (2.46)

—00 —

Next, because ¢ (x) and p(x) are orthogonal,

[e's) b
[ aviwem =0 = [ avime@=-[ @@ 4
—c0 —b z|>b

The integral breaks into two pieces, which can be interpreted as the contribution from the
quasi-bound state escaping to the left or to the right. We assume these contribute equally
to the escape probability, so that

2

(VL) [* =~ 2172 / dz g (x) olz)

b

(2.48)
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Outside the scatterer (x > b), the escaping free state can be approximated as an outgoing
plane wave, with the delta-normalized form

) = S (2.9
where £ is chosen such that
Bo= B~ B4 Vy = ka (|22 (B + V). (2.50)
72
Plugging Eqgs. (2.44) and (2.49) into Eq. (2.48), and solving the integral, gives
il ~ 2vps e (251)

The other quantity we need for Fermi’s golden rule is the density of free states. This can
be found by taking Ej, =~ h?k?/2m, and performing a change of variables:

D(E) = /_oo dk s (E - thQ) (2.52)

oo 2T 2m
Y dk
=2 — dE’ §(E—E 2.
2r J, dE’ ( ) (2.53)

[ m
=4 ——. 2.54
2m2h2E (2:54)

In Eq. (2.53), the factor of 2 accounts for the fact that for each E, both positive and negative
k contribute to the density of states.

We can now plug Egs. (2.51) and (2.54) into Fermi’s golden rule, Eq. (2.42). In the
figure below, the orange curve shows how the resulting decay rate, k, varies with the barrier
thickness b — a, with the other model parameters fixed at U = 6, V}, = 30, and a = 1:

Decay rate «
0.8 1
° Resonance peak width
0.6 / (FWHM) U=6, V, =30, a =
- . V l
0.4 Vit e
° f
®
0.2 ® b —a 0] a b T~
i Fermi’s ° o
Golden Rule o o °
0.0 900 -9 9000

0.0 0.2 0.4 0.6 0.8 1.0
Barrier thickness b — a

For comparison, the blue dots show the values of x taken from the width of the resonant
scattering peak (see Section III). For this calculation, we use the transfer matrix method to
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compute the E-dependent transmittance for particles incident on one side of the scatterer
(see Appendix B), and numerically extract the full-width at half-maximum (FWHM) for
the peak near F..

Evidently, Fermi’s golden rule (the orange curve) gives a very good estimate for the true
decay rate based on the scattering peak width (the blue dots). The agreement is not exact,
but after all the Fermi’s golden rule result is based on a series of approximations, including
the various assumptions in the derivation of Fermi’s golden rule (discussed in Sections III
and IV), as well as the approximations used in applying Fermi’s golden rule (e.g., using
plane waves to calculate the transition amplitude and density of states).

In this simple 1D example, it takes more or less the same amount of effort to estimate
the decay rate from Fermi’s golden rule or calculate it exactly. However, in other situations,
such as higher-dimensional systems, the true decay rate may be very hard to compute, and
Fermi’s golden rule becomes valuable since it is both accurate and easy to calculate.

Exercises

1. Use the variational theorem to prove that a 1D potential well has at least one bound
state. Assume that the potential V() satisfies (i) V' (z) < 0 for all z, and (ii) V(z) — 0
for x — 4+00. The Hamiltonian is

N -
H=—"2_ 1 V(). (2.55)

2m dx?

Consider a (real) trial wavefunction

lasy) = (21)/ e (2.56)

™

Note that this can be shown to be normalized to unity, using Gauss’ integral

T —2? o [T 2.57
/_oo ve 2y (2:57)

(E) = / " de () H ()

Now prove that

:AW{WJFB/_OO

where A and B are positive real constants to be determined. By looking at the quantity
in square brackets in the limit v — 0, argue that (F) < 0 in this limit. Hence, explain
why this implies the existence of a bound state.

o0

dx V(z) 673”2] :

Finally, try generalizing this approach to the case of a 2D radially-symmetric potential
well V(x,y) = V(r), where r = /2% 4+ y2. Identify which part of the argument fails
in 2D. [For a discussion of certain 2D potential wells that do always support bounds
states, similar to 1D potential wells, see Ref. [4].]
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2. In this problem, you will investigate the existence of bound states in a 3D potential
well that is finite, uniform, and spherically-symmetric. The potential function is

V(r,0,¢0) = -UO(a —r1), (2.59)

where a is the radius of the spherical well, U is the depth, and (r,6, ¢) are spherical
coordinates defined in the usual way.

The solution involves a variant of the partial wave analysis discussed in Appendix A.
For F < 0, the Schrodinger equation reduces to

V2+q2>w(r,8,¢>):0 where ¢ =+/2m(E+U)/h?, forr<a

2.60
Vv?— 72)1#(7",9, ¢») =0 where v=+/—2mE/h?, for r > a. ( )

For the first equation (called the Helmholtz equation), we seek solutions of the form

U(r,0,9) = f(r) Yean(0, 0), (2.61)

where Yy, (6, ¢) are spherical harmonics, and the integers [ and m are angular mo-
mentum quantum numbers satisfying [ > 0 and —l < m < [. Substituting into the
Helmholtz equation yields

d*f df

2 2. 2 _

o + 27‘% + [¢*r* = (14 1)] f(r) =0, (2.62)
which is the spherical Bessel equation. The solutions to this equation that are non-
divergent at r = 0 are f(r) = ju(qr), where j, is called a spherical Bessel function
of the first kind. Most numerical packages provide functions to calculate these (e.g.,

scipy.special.spherical_jn in Scientific Python).

Similarly, solutions for the second equation can be written as ¥(r,0,¢) =
9(r) Yo (0, @), yielding an equation for g(r) called the modified spherical Bessel
equation. The solutions which do not diverge as r — oo are g(r) = ke(yr), where k,
is called a modified spherical Bessel function of the second kind. Again, this
can be computed numerically (e.g., using scipy.special.spherical kn in Scientific
Python).

Using the above facts, show that the condition for a bound state to exist is

qji(qa) _ vki(va)
je(ga) — ke(ya)

(2.63)

where j; and kj, denote the derivatives of the relevant special functions, and ¢ and ~
depend on E and U as described above. Write a program to search for the bound
state energies at any given a and U, and hence determine the conditions under which
the potential does not support bound states.

3. In this problem, we will find the quasi-bound and free states for the model discussed
in Section V, and use it to calculate the decay rate according to Fermi’s golden rule.
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Let ¢(x) be the bound state of a square well of width 2a and depth U, and let Ey be
the energy. This state satisfies the 1D time-independent Schrodinger wave equation,

g + V)] #l) = Bt (2.64)
where
Vo(z) = =UO(a — |z|)
V(x) = Vo(z) + Vi(x), where Vi(z) = V, O — |z|) (2.65)
0<U< V.
Take the ansatz
o) — A cos(qx), lz] <a
- {B exp (<nfz)), || 2 (200

(a) Using Egs. (2.64)—(2.66), and the fact that both ¢(x) and dy/dx are continuous
at x = +a, prove that Fy can be obtained by solving the transcendental equation

2m
q= ﬁ(Eo +U)
gtan(ga) =n, where (2.67)
2m
n= ﬁ|Eo|-
(b) By using the fact that ¢(z) is normalized to unity, prove that
2 1 + sin(2qa) /2 11!
g X2 (200) [1+ sin(2a)/2a - 1170 (2.68)
a cos?(qa) na

(c) Write a program to compute the decay rate based on Fermi’s golden rule, by
combining Egs. (2.42), (2.51), (2.54), (2.67), and (2.68). Hence, reproduce the
plot shown in Section V.

(d) Write a program to extract the decay rate from the width of the transmission
peak, using the transfer matrix method (see Appendix B). Hence, investigate the
accuracy of the Fermi’s golden rule result for different values of U, V}, and the
other model parameters.

Further Reading

[1] Bransden & Joachain, §4.4, 9.2-9.3, 13.4
2] Sakurai, §5.6, 7.7-7.8

[3] R. Courant and D. Hilbert, Methods of Mathematical Physics vol. 1, Interscience (1953).
[link]

[4] B. Simon, The bound state of weakly coupled Schrédinger operators in one and two
dimensions, Annals of Physics 97, 279 (1976). [link]
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