Exam
Quantum Field Theory 1

The full set of exam questions can score up to N = 27 points. The final grade is then computed according to the

N-11

formula: Grade = 1+ S+ and then rounded to the nearest quarter point, except if the resulting grade is between

50

3.75 and 4, in which case the final grade is systematically rounded to 4. Therefore, an exam scoring strictly more
than 12.5 points will be graded at least 4, and an exam scoring strictly more than 22 points will get a 6.

Exercise 1

a)

b)

d)

Given [Z] = 4 and [0] = 1, the dimensions of all the fields is 1, [4;] = [B;] = [C;] = 1, while for the
parameters we have [m?] = 2 and [\] = 1. [1 point]

All the Lorentz indices are suitably contracted and no explicit coordinate dependence appears in the La-
grangian: the Poincaré group is thus a symmetry.

The quadratic part of the action features invariance under independent SO(3) rotations of the three fields

A — Rgf)Aj, B, — Rl(f)Bj, C; — REJ-C)Cj, with R, R(B) and R(©) orthogonal 3 x 3 matrices with
determinant 1. The quadratic part is also invariant under independent sign flips of the fields A; — —A;,
B; — —Bj, C; — —C}, which corresponds to the group Zy x Zy x Zy. Overall the quadratic part is thus
invariant under [SO(3) x Z3]? = [O(3)]> (Notice that O(3) = SO(3) x Z3). However the last term in the
Lagrangian, the cubic, is only invariant under SO(3) rotations that are the same for the fields A; — R;;A;,

B; — Ri;Bj, C; — R;;C;. This last term is invariant because,

¢9* A, B;Cy, — €% Ry R R A1 By Oy, = det(R)e™" Ay B,,,C,, = €% A, B, Cy,. (1)

Moreover also the full Z; x Z5 X Z5 is no longer a symmetry. The only surving discrete symmetry correponds
to sign flips of pairs of fields
Aig),Ai’ BiﬁfBi, CZ%CZ
Ai — —Ai, Bi — Bi, Ci — —Ci (2)
Ai—>Ai7 Bi—>—Bi7 C¢—>—Ci
which corresponds to the group Z, x Zs.

We thus conclude that the internal symmetry of the system is SO(3) X Z3 x Zy. Let us emphasize that this
is an internal symmetry group, which does not entail any transformation of the spacetime coordinates x*.
It thus has nothing to do with the spacial rotation subgroup of Poincaré. [2 points]

Here, and in other points, the detailed discussion of the discrete symmetries is not required to reach full
score. For pedagogical reasons we already discussed the symmetries of the quadratic terms here, rather than
at point ¢) where it belongs.

If we set A — 0, the Lagrangian reduces to the quadratic part. According to the discussion above the
Lagrangian is thus invariant under three independent rotations for the A, B, and C'

A= RVA;, B~ RYB;, Ci—RYC. (3)
and under the three independent Z,. Thus, for A = 0 the symmetry is extended to [O(3)]3. [2 points]

We now add all possible terms invariant under SO(3) (we ignore the discrete symmetries here). We make
use of the fact that SO(3) has two, and only two, invariant tensors: €/* and §%.

Let’s first use the Kroenecker delta to build invariants. Since all the fields have dimension 1 and they
transform under the same rotation, all possible contractions of the form ¢;1; with ¢ and v each being either
A, B or C will be invariant. With this, apart from the terms that already appear in the Lagrangian, we can

have mass terms with mixed fields,
A; By, B;C;, A;C; (4)



f)

and also mixed kinetic terms,
0" A;0,B;, 0" B;0,,C;, 0" A;0,,C;. (5)

In the same way, we can have all possible pairwise contractions of the fields (these are dimension 4 operators)

(AiAi)(B;B)), (AiA:)(C;C;), (BiB;)(C;Cy), (AiAi)?, (BiBi)?, (CiCi)?, (Ai By)?, (AiCh)?, (BiCi)?,

(A;B;)(A;C5), (A A:)(B;Cy), (BiB:)(A;Cy), (AiBi)(B; Cy), (CiCi ) (A; By ), (Ci Ai)(C; By). )

All of these terms come with different and independent couplings.

If we imposed also the discrete symmetries, not all terms are invariant. For example the additional mixed
mass terms in equation 4 are invariant only under a Zy subgroup of Zy X Zs.

We can now consider terms built using the Levi-Civita tensor as well. First, there are no additional terms
that can be built using one €7*, as any combination with two identical fields such as

€ijkAiAjBk = —EjikAiAjBk = —6ijkAiAjBk =0 (7)

vanishes by the antisymmetry of the Levi-Civita tensor. One may also wonder about terms with two epsilon
tensors like, ewke”mAjBkC’le. These terms are already included since,

6ijkGiIm _ §jl5knL _ 5jm6k'l_ (8)

There is thus no new term with dimension less than or equal to 4 that can be built with €*. [2 points]

Under SO(3), A; — R;;A;, where R is a rotation matrix, or infinitesimally,
A = Ai + e A0 = Ay + AL, 9)
where 6}, are small angles. The spacetime coordinates z*# do not transform under the symmetry. Thus, the

Noether current is or or or
= 7 AL+ Af =
E T 00,40 " T 9(0,By) 9(9,Ci) " (10)

= € ((0"Ai)A; + (0" By) B; + (0" C;)C5),

AB ¢

which is conserved by the equations of motion. Now the associated charges are,
Qk: = /dnglg = Gijk/d3x(AiAj + BZBJ + CZCJ), (11)

where A; means the temporal derivative of A;. [3 points]

The term A% is not invariant under the SO(3) symmetry. To see that, one can consider for example an
infinitesimal transformation with parameter § = (61,0,0) as defined in equation 9. Moreover, Zs x Z5 is
broken down to Zy : A; — —A;, B; — —B;, C; — C;.

However, this term is still invariant under a subgroup of SO(3): SO(2) transformations that act only on the
components 1 and 2 of the fields (i.e rotations in the (1,2) plane in field space):

A = RijA;, By = RyjBj, C; =+ Ri;Cj,  with importantly 7,5 = 1,2 # 3. (12)

where R is a 2 x 2 orthogonal matrix with determinant 1. Indeed,
A1By — A3By = €7 A;B; — €"R i, Rj1Ax By = det(R)e” A; B; (13)
where €%/ is the two dimensional Levi-Civita tensor and we used that det(R) = 1. The rest of the Lagrangian

is of course invariant under these transformations as they form a subgroup of the original SO(3) symmetry.

If we add A%, again we break SO(3) because this term is clearly not invariant under SO(3) rotations and
also we break again one Zy. The SO(2) transformations just described above also remain unbroken in this
case as (3 is invariant under rotations in the (1, 2) plane in field space. A%, also preserves the same residual
Zo as Afl : Ai — —Ai, B, — —Bi, Cl — Cl

If we add both terms, the situation is the same and the SO(3) symmetry is broken down to SO(2) x Z,.

[2 points].



Exercise 2

a)

b)

Theory Question [4 points]

The Hamiltonian is hermitian:
1 = [ @ @109 Dag) + T 041 = T wats)l e
— /d% ((iV - &)aptop) e + %wﬁwaeaﬁ - %%w;&ﬁ
_ / P (V) ()t + 5 Yatac®® — T phuheo? (14)
= /d% (Vp)iGg0 - Vipa — %wwaeﬁa + %%wleﬁ“
- /d% YLV - Pasts + Shvhe” — Tvatpe™ = H
where in the second to third line we used the hermiticity of the Pauli matrices and also wrote explicitly the

indices of the spacial derivatives. In the third to fourth line we used integration by parts in the first term.
In the last line we relabelled the indices. [2 points]

For the time evolution equation, we use the following property: [AB,C] = A{B,C} — {A, C}B to write the
commutator in terms of anticommutators:

- [/ Pl @)V - Fagia(a) + Ul @@ — Toa(e)vs(r)e?, wy)]
=i [ e (U)W - DNastis = T v Yo} = Folulw). v )e?)

= (V . 5)7[31/)/3 - im?/}}e”ﬁ

(15)
Or rearranging the terms
i(6"0,1)) o = Meapthh. (16)
[3 points]
Recall that
d’p
dQp = ——— 17
P (2m)32wp (17)
and under the transformation p — p’ = —p, we have that wp = wp which leaves the measur invariant:
dQp = dQp. So, overall
[ %0 £0) = [ o () (18)

The expression for (¢, x) can be divided into two terms

P(t,x) = /de (ePX~ierte (p) + ePXFTple (p)) = /de (e7"PEL (p) + ePXTRle_(p)) (19)

and the first term is already in the form we want. Then, by performing the change of integration variable

p’ = —p on the second term it reads

/de/ (efip'x+iwp/t§_(7p/)) _ /de (efiprriwpté-_(ip)) _ /de (eip'zé_(*p)) (20)
So, putting everything together
vltx) = [ 0 (77 (p) + €77 (-p) (21)

[1 point]



d)

£)

In all that follows &, = €*.

From eq. 21 we have

0" 01 (t,x) = C‘f"/dﬂp(puef“"%r(p) — pue” 7€ (~P))- (22)

One also easily sees that

mea[ﬂ/JB (t,x) /dQ meag§+ 5(P) + eiip'zmeagflﬁ(—p)) (23)
By equating the terms proportional to e~ in equation 22 and 23 we thus get

7'pué+(p) = me€! (—p), (24)

T we get a second equation

—pu"e_(—p) = me€l (p). (25)

To get it in the form asked in the question, we take the complex conjugate of this equation:

Doing the same thing for the terms proportional to e

Pu(") i g€p1605E" 5(—P) = meapés,o(p). (26)
where we introduced €2 = —1 on the left hand side. Multiplying on the left by € and using
e 13" e = —e(")*e = o, (27)

we get
o' pue€” (—p) = m&i(p). (28)
[2 points]

By eqgs.24 and 28 the 4-spinor = satisfies the Dirac equation (p —m)E = 0 since

nzmmz= (o, ) () () = (o))~ () =0 @

[1 points]
Recall that the general solution of ( — m)u = 0 has the form
VP &(p)
with &(p) a generic bispinor. Equating the above form of the general solution with the expression for = in

eq. 29 we then have
§&+(p) =vp-0o&(p), €2 (—p) = Vp-3¢&(p). (31)

The first of these equations already proves one of the identities. For the second, using e !

explicit expressions for p-& and p- o

o€ = —o; and the

1 . 1 .
W:Q( wp+m+wpp%>, \/ﬁ=2<\/wp+m—5p_im> (32)
we get
e~ 1,
€ (-p) = VP aE(p) = VP oeEp) = — <\/wp Tme et pwjm) «(p)
p
(33)
5 (v - 25 o)
and taking the complex conjugate
e (-p) =5 (Ve T - LI ) o) = —vroee o) (34)

[2 points]



