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1 Analytic continuation

Analytic continuation is a technique in the theory of function of complex variables. It
is based on the theorem that, in a somewhat simplified form, states that if you know
some function for real values of its argument, you also know it for complex values of its
argument. Here “know” has mathematical sense: the function of the complex variable,
under these conditions, exists and is unique. How you find it is another story. Thus the
technique of analytic continuation is about how to find it.

Let’s illustrate it on the example of this integral:

1= [~ 2 (1.1)

—o P2+ 2z

Here z is a complex variable. We know that this integral is convergent, thus it exists for
any complex number z.

We will calculate this integral using the technique of the analytic continuation. First
we will calculate it for real positive z = p, where p > 0 is a real positive number. There
are many ways to calculate this integral when z is real and positive, and the answer is

o0
I(x):/_w]jip:;ﬁ, p>0. (1.2)
Let us use this result to calculate I(z) for complex z. The theorem guarantees that the
answer for complex z is also 7/y/z. However, there is a problem. Square root is not a

uniquely defined function. 1/z can take one of two possible values. For example, if
z = pe'® where p > 0 (1.3)
(any complex number can be represented in this form), then

VZ=/pet or Vi= —/peit, (14)

The question is which of the two values of square root we should take to calculate the
value of the integral (1.1) for some complex z.

We resolve this issue by analytic continuation. If Im 2z > 0, then let us first calculate
this integral at z = p, and then change the phase ¢ at the expression z = p e from 0 to
the appropriate positive phase 0 < ¢ < 7 (because, if Im z > 0, that’s the appropriate
range of ¢). As the phase is changing we should use the expression

™

I(2) = ——,0< o< 1.5
&= (15)
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and not —,/p e¢'®/2. The reason being that the integral I(z) cannot change discontinuously
when z is changing continuously. We start at z = p and I(z) = 7/\/p and as z is
changing continuously (¢ in z = pe'® is increasing continuously), the integral has to
change continuously. Thus it must be given by (1.5).

Now if Imz < 0, then z = pe’® where 0 > ¢ > —m. Then we start at z = p and start

decreasing ¢, all the while still using the expression

I(z)=——,0>¢>—nx (1.6)
Vet
again for reasons of continuity.
(1.5) and (1.6) consitute the answer to our problem. Let us note though that if we use

(1.5) to compute the value of this integral at ¢ = 7, or in other words z = pe'™ = —p, we
find

I(=p) = Jpein/? - ip (1.7)

On the other hand, if we represent 2 = —p = pe ™", then using (1.6)

)= o= (1)

We get two different answers!

The reason for the seeming contradiction is that the integral I(z) is not defined if
z = —p < 0. It is in fact divergent, having a singularity at p = 4, /p. Analytic continuation
is allowed as long as the integral is well defined. In fact, I(z) has a discontinuity if z
changes from z = —p + i€ to 2 = —p — ie due to this divergence. We can still use analytic
continuation to calculate

lim /OOQdP_E/OO . dp . :'7T ’ (1.9)
e=0, €30, p>0.) 00 p* — p + i€ —o p*—p+1i0  i/p

where (1.5) was used. Here 40 is the notation we use throughout this class implying just
this kind of limit.

On the other hand,

[T . S L S SR
=0, >0, p>0. oo p2 — p — i€ —o p?—p—10 —i/P

To obtain expression like (1.9) and (1.10) are what analytic continuation is often used

for.



2 Delta-function
Delta-function is defined as a limit of functions

é(z) = lli% fe(z). (2.11)
Here f.(x) obeys the following properties.

liII(l) fllx)=0 if 2 #0,

liII(l] fe(z) =00 if 2 =0,

lim [ do fi(x) = 1. (2.12)

There exist many different f.(z) which satisfy these properties. But they all define the

same delta-function. One example is

1 €
() =— . 2.13
fla) =~ (213)
Delta-function has many important properties. First of all,
/_ dr f(x)d(z — x0) = f(o). (2.14)
Second
/ dr f(x)d(ax — xp) = f(x’0|/a)' (2.15)
—00 a
This formula can be derived by changing variables ax = y which gives
1 00
a1 | v Fwl@ty =z (2.16)

and then using (2.14). Finally, an important formula which is a generalization of (2.15)

says that in order to compute
| da f@)sg() o) (2.17)

we need to first find solutions to the equation g(z) = xy. Suppose these solutions are z;.
Then

[ ds fstoto) - a0 = 3 H0E) 2.15)

This formula is derived by noting that delta-function is zero if its argument is nonzero. So

only those values of = contribute where g(z) — o = 0. Expanding g(x) — x¢ in Taylor series
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around z; we find g(x) — xg = (x — x;)¢'(xo) where the equality holds only for z being
infinitesimally close to x;. However, delta function is only nonzero if x is infinitesimally
close to z;. For each x ~ z;, we apply (2.15) to arrive at (2.18).
Example: compute
/OO dk 5(E — k). (2.19)

There are two solutions to E = k%, k = E and k = —VE. If g(x) = k?, then |¢(VE)| =
2V/E for the first solution and |¢'(—v'E)| = 2V/E for the second solution. Thus

S o1 11
/Oodk:5(E—k:)—2\/E—l—2\/E—\/E. (2.20)

A useful formula states:

1

o —imd(z) + real stuff. (2:21)
This formula means the following
/ dx LI) = lim / dx Lx) = —inf(0) + real stuff (2.22)
oo +i0 0,0/ T+ i€

where real stuff depends on the function f(x) is some complicated way which is generally
not known (but can be calculated for each specific f(x)). However, it is known that it is

real, not imaginary. Another way to write this formula

Im /_O:O dz gjffi)() — —7£(0). (2.23)

where Im denotes imaginary part.

One way to derive this formula is this. It is clear that

1 1 —21€
— = . 2.24
x+ie x—ie a2+ €2 ( )
Now it follows from (2.13) that
—21€ )

On the other hand, if 1/(x 4 1i0) = a1(x) +ias(z), where a; and as are real functions, then

1 1
z+10 x—10

= 2ias(x). (2.26)
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That’s because 1/(z — i0) is a complex conjugate of 1/(x + i0). Comparison with (2.25)
gives

as(x) = —md(x), (2.27)

which proves (2.21). Notice that this technique leaves a;(x) undetermined.

Let us apply this formula to the integral

00 dp 00 i

Im / —-— = —z'7r/ dp 0(p* — p) = ——— (2.28)
—00 p2 —p+ 20 —00 \/ﬁ

where (2.20) was used. This is consistent with (1.9)! Notice that this is only consistent,

not equivalent. That is because (1.9) proves that the real part of this integral is actually

zero, while (2.28) only computes the imaginary part of this integral, leaving the real part

undetermined.

Equivalently, we find

dp T
Im/ 7—%—2#/ dp 6(p* — 2.29
e =" (2.20)

consistent with (1.10). The formula 1/(z —i0) = imd(z)+real stuff is a complex conjugate
of (2.21).

Finally, the last useful (and very famous and popular) formula states

5(z) = / * P i (2.30)

—00 21

This formula can be derived for example like this:

< dp | %0 o 1 — : 1
/ 9P e — Jimy / d W+p€+/ W] — Ly | =0 4L gl s,
—o0 27T e—0 | J- 2w 0 | pr — i€ px + i€ e—0 T 12 + €2
(2.31)

where again (2.13) was used.

3 3D delta function potential

A delta-function potential in 3D, such as V() = Ad(x)d(y)d(z) (where z, y, z are the
three dimensional components of the vector 7), is a badly defined object. Particles do not
feel this potential at all, because it is too “narrow”, and fly straight through it. Realistic
potentials in the world could be short ranged, but are not a delta function (after all, delta

function is an abstraction).



A delta-function potential is very convenient in order to do calculations using Green’s
functions, so it is tempting to approximate a realistic short range potential by a delta
function. But in 3D, this makes no sense, because delta function makes no sense!

To find a way out, we will use, instead of a 3D delta function, some “widened” delta

function. For example,

No(a) > A€

T+ e
We have to do it with z, y, and z part of the 3D delta function above, but for illustration

(3.32)

reasons, we will explicitly write only the z-part.
This guy has a width, of the order of €, which we will keep “small” but finite. To be
able to use it in calculations we need its matrix element

zkaz ikyx
ey A€ AE/ de S — e

7Tx2+62 2 4 €2

(3.33)

Compare it with the matrix element of the delta function, which would’ve been just equal
A. For |ks — k;| < 1/e, this matrix element approximately coincides with the matrix
element of the delta function. But for very large momenta difference, |ky — k;| > 1/, this
matrix element goes to zero exponentially.
Now in a typical calculation we need to compute things like

dky dko

o7 21
Here we used that (k| G ko) = 276(ky — ky)Go(k1) to eliminate one of the integrals, over

ko, as discussed in the main text.

(ke V k) (ks € ko) (hal V Iy = [ D (kg V o) Giln) (hal V) (3.34)

With V' being the delta function we subsequently used the fact that the matrix element
of V is k-independent if it is a delta function. Because of that, the integral over k; is
independent of k; and of k; and reduces to [ dky Go(k1). This same integral appears in all
orders of the calculation, and that’s what makes the problem solvable.

However, if we use (3.33), the integral over k; becomes more complicated. And in fact,
while it may in principle be doable, once we go to higher order terms, the appropriate
integrals will become more and more complicated. We will never hope to compute them
all and then resum the series, like we did for the delta function potential.

This is of course natural. Replacing the delta function by (3.32) we replaced a solvable
potential to the one whose Schrodinger equation is much more complicated. There is no
hope to solve this problem exactly using Green’s functions.

On the other hand, in 3D we can’t work with delta function - it is meaningless. What

can we do?



A trick around it is called the “separable potential”. Imagine there exist a potential
such that
(k| V() |ki) = Ae~clkilg=elks] (3.35)

In practice such potential does not exist. But it mimics (3.33) in some sense. Then
substituting into (3.34) we find

)\2 —elkys|— ek|/dk1 —2E|kl‘G0 k1> (336)

The potential “separated” and its pieces got attached to the Green’s function to be inte-

grated. Now we need to do the integral

/ C;kle—%’“llc:o(kl). (3.37)

™

This same integral will appear in all orders of the calculation, and the series can be
subsequently resumed as a geometric series. So the problem of such separable potential
can be solved.

For 3D delta-function, treated in this way, the appropriate integral will read

/ Phi e (3.38)
27 B 4i0 — 2
We can do this integral in the following way.
Kidk, el rdky e Mk — 2mE) dky 2mE e~k (3.30)
20 pyio— Lt S 2w pijo— A 2m? B +i0 — &
The integral is split into two integrals. The first one is
—om / ARy o] (3.40)
It is finite, can be computed, depends on € and does not depend on E.
The second integral is
dky 2mE e~ 2kl (3.41)

212 B +i0 — £
This integral has a finite limit as € — 0. Since € is small anyway, this is a legitimate limit,

and it gives
dk‘l 2mE

212 B 440 — 2

(3.42)



This integral can be computed in a closed form and depends on E but does not depend

on €. Thus we found

d3 k —2elk1]
/ N = something which depends on € + something which depends on E.

(27)° B 40 — AL
(3.43)
The crucial thing is that the part which depends on F is an interesting part, and it is
not only independent of €, it is even independent of the precise form of the potential! If
instead of e~" we used something else, like for example e=** or 1/(1 + ¢2k2), the result
would be the same!
So in the main text where we worked with the 3D delta function we used 0(A — |k1|),
where 6 is the famous theta-function (equal to 1 if its argument is positive and to 0 if it

is negative). We computed this integral

A3k 1
. 3.44
/|k1|§A 27)3 B +i0 — 2 (3:44)

This integral also consists of two parts, one depends only on A (which plays the role of
1/€) while the other depends on E. The part which depends on E is exactly equal to
(3.42), according to our discussions. This is the interesting physical part which does not
depend on which "regularization”, or precisely which separable potential, is being used.
If we now recall how the answer to the Green’s function (actually, T-matrix) in a

potential looks like,

1
—. (3.45)
T
Here II is the integral (3.37) we’'ve been computing. This gives
1
(3.46)

— file) = fa(E)

In an actual experiment nobody measures \ or e. It is the T-matrix which is being

>

measured. So we can denote 1/A — fi(e) = 1/A* and use A\* everywhere. A\* can be
measured experimentally, and it is the only physical parameter. In other words, all the
details about which separable potential is being used disappeared. It does not matter
which one one uses, the answer is the same.

The conclusion: replacing the delta function by a separable potential of a given “width”
results in a solution which is besically insensitive to which potential, and of which width,

is being used.



4 Properties of the many body fermionic Green’s func-
tions

4.1 Retarded Green’s function

A retarded many-body function is defined by (in case of fermions)

GR(xg, wity,ti) = —i <@E(xfatf)w($i, i) + O (@i, ) (wy, tf)> Oty —t:). (4.47)

Let us derive the Lehmann decomposition for this function. As is standard (see Week 5 of

th—iPxQ/}e—th—HPx and

the notes), we replace the Heisenberg operators zﬁ(x, t), W(x, t) by e
eillt=iPe )t e—ilt+iPr where o) and ¢! are now Schrodinger operators located at the origin
of the reference frame. Then we insert a complete set of states between 1/; and @@T. This
leads to the equation
. 2 . A2
Gf(x,t) = 0(t) [—z' S~ |¢nl T f0)| et — i 5™ (n]4) |0)]

n

e—i(e,,_L —/J,)t—ipnx‘| (448)

Here
e =E,(N+1)— Ey(N) > p, €, = Eg(N) — E,(N —1) < p, (4.49)

n

(see (5.25) and (5.27) of the Week 5 notes), P, being the momentum of the n-th state,
and
t=t;—t;, v=u;— 2, (4.50)

Now let us Fourier transform this
GE(p, E) :/ dt/ dx GR(x,t) e'Ftiee (4.51)
0 —00

Doing the Fourier transform with respect to the coordinate is easy and gives the delta-
functions. The Fourier transform with respect to time exists only if Im £ > 0, so that the

integral over time in (4.51) is convergent. This gives

GR(p, E) — (QW)dZ ’<TL| @ZJT |0>‘ 5(Pn —p) ‘<O|¢T |n>’ 6(Pn +p)

4.52
B0 (e —p) | E+i0—(c —p) (4.52)

Again, this expression works only if Im £ < 0. If Im E < 0, then this expression cannot be

trusted (the integral which was used to compute it in (4.51) is divergent, and the function
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GT(E,p) can only be found by analytically continuing (4.52) from the real axis down to
the lower half plane).

We conclude from here that in the upper half plane the retarded Green’s function has
no singularities of any kind. At the same time, it can have singularities in the lower half
plane.

Other properties of the retarded Green’s function include:

1. Im G® < 0 (if F is real). Indeed, recall that Im 1/(x + i0) = —7d(x), according to
(2.21). We then apply this to (4.52) to find

mGR(p. B) = ~2@m)" S |0l 110)[ 6(P = p)6 (E = + ) +

n

0141 )| 6(P + )3 (B~ ¢, +u)] . (4.53)
2. If E — oo, then G®(p, E) ~ 1/E (for any complex E), or more precisely,

Ellm G(E,p)E =1. (4.54)
To see this, it is best to introduce a,, af, which are Fourier transforms of U(x) and Pt (x),
where in turn ¢ (z, t) = e%)(z)e " etc. That is, we do not introduce the factors of e ==

as we did previously. Then at large FE we neglect everything in denominators of (4.52) to
find

G(r.) ~ 3 [t 3} 10+ (013 ] (455)
Gw.B) ~ 23 [l 0 + |13t n)[]
3 (SO wl 3100+ 5 01 1) (610 =
O]y + 3l 10) = £ (4.56)

3. The retarded Green’s function has not only no poles if Im £ > 0, but also it has no
zeroes there. This is a rather subtle relation and follows from the Kramers-Kronig relations
(which are true for any function which has no singularities in the upper half plane). See for
example Landau and Lifshitz, statistical physics, volume 5, section 123 (the generalized

susceptibility).

10



4.2 Time-ordered Green’s function

A time ordered Green’s function has been studied in the Week 5 of the notes (see Eq.

(6.12 of those notes), with the result that its Lehmann decomposition is given by

G(p, E) = (2m)*

n

memﬂaﬂ—m+memﬂﬁ_ ) (4.57)

E+i0— (e — p) E—i0— (e —p)

Here the first term in the square brackets has no singularities in the upper half plane, and
the second term has no singularities in the lower half plane.

The properties of this Green’s function include

1. signIm G(E,p) = —sign E, if E is real. Indeed, analogously to (4.53)

G, B) = —n(2n)"S | (al 01 0} 6Py )3 (B — ef + 1) -
(015 ) (P +2)6 (B = €5 + )] (4.58)

Then the sign of the imaginary part of G follows from this and from (4.49).

2. G(E,p) = GR(E,p) if for complex F such that ReE > 0, ImE > 0. G(E,p) =
GR(E*,p) = GF*(E,p) for complex E such that Re £ < 0, Im E < 0. Here star * denotes
the complex conjugation. This is a rather nontrivial statement, and it follows from the
following.

First take E real. Then it is clear that the imaginary part of G coincides with the
imaginary part of G if E > 0 (compare (4.53) and (4.58), not forgetting (4.49)). If
E < 0, then the imaginary parts of G and G have opposite signs. The real parts of
G and G coincide no matter what E is. Thus for real £ < 0, G* = G. Analytically
continue G to the upper half plane. This corresponds to the analytically continuing G to
the upper half plane if Re £ > 0, or to the lower half plane if Re £ < 0. Which shows that
indeed, the time-ordered and retarded Green’s functions coincide in the manner described.

3. It follows from the previous statement that the Green’s function G' has no singu-
larities in the upper half plane such that Re F > 0, and no singularities in the lower half
plane such that Re E < 0. Indeed, combine 2 with the fact that G* has no singularities
of any kind in the upper half plane.

4. G(E) ~ 1/E at large E. The proof is the same as the similar statement for G*.
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