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CHAPTER 4

STABILITY OF QUANTUM CRITICAL
POINTS: THE BOSONIC STORY

4.1 Introduction

In this chapter, we start our exploration of the idea of quantum criticality. Much
of the attention on quantum criticality has been focused on the finite tempera-
ture scaling properties [40,80,81]. Temperature is the only relevant scale in the
quantum critical region above the QCP, bounded by the crossover line T* ~ |r|"Z.
The parameter r measures the distance to the QCP, v is the correlation-length
exponent in £ ~ r¥ and z is the dynamical exponent in &, ~ £*. With the corre-
lation length & and correlation time & much larger than any other scale of the
system, power law behavior is expected for many physical observables, e. g. the
specific heat, magnetic susceptibility, and most notably resistivity. Clear devi-
ations from the Fermi liquid predictions are experimentally detected, and these
phases are commonly termed non-Fermi liquids. In many systems, the anomalous
finite temperature scaling properties are asserted to result from the underlying
zero temperature QCPs.

In this chapter, we would like to emphasize another aspect of quantum crit-
icality, namely that it serves as a driving force for new exotic phenomena at
extremely low temperatures and in extremely clean systems. One possibility is
the appearance of new phases around the QCPs. It has been found in numerous
experiments as one lowers temperature, seemingly inevitably in all the systems
available, new phases appear near the QCP. Most commonly observed to date is
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the superconducting phase. The phenomenon of a superconducting dome enclos-
ing the region near the QCP is quite general (see Fig. 1). It has been identified in
many heavy fermion systems [23,25,82], plausibly also in cuprates [83], even pos-
sibly in pnictides [84-89], and probably in organic charge-transfer salts [90-92].
Other examples include the nematic phase around the metamagnetic QCP in the
bilayer ruthenate Sr3RuzO7 [93-96], the origin of which is still under intense de-
bate [97-101]. The emerging quantum paraelectric - ferroelectric phase diagram
is also very reminiscent [102,103], as is the disproportionation-superconducting
phase in doped bismuth oxide superconductors [104-109).

T

X
QCP

Figure 4.1: Hlustration of the competing phases and superconducting dome. Here
for concreteness, we consider the ordered phase to be an antiferromagnetic phase.
x is the tuning parameter. It can be pressure, magnetic field or doping. The
superconducting temperature usually has the highest value right above the QCP.

It has also been discovered recently that, as samples are becoming cleaner, on
the approach to QCP we encounter first order transitions, and the new phases
near the QCP are usually inhomogeneous and exhibit finite wavevector order-
ings (see [26,110,111] and references therein). For example, the heavy fermion
compound CeRhlns orders antiferromagnetically at low temperature and ambi-
ent pressure. As pressure increases, the Neel temperature decreases and at some
pressure the antiferromagnetic phase is replaced by a superconducting phase
through a first-order phase transition. There are also evidences for a compet-
itive coexistence of the two phases within the antiferromagnetic phase, as in
some organic charge-transfer superconductor precursor antiferromagnetic phases.
Such coexistence was also observed in Rh-doped Celrlns. The heavy fermion su-
perconductor CeColns has the unusual property that when a magnetic field is
applied to suppress superconductivity, the superconducting phase transition be-
comes first-order below Ty ~ 0.7K. For the superconducting ferromagnet UGes,
where superconductivity exists within the ferromagnetic state, the two magnetic
transitions (ferromagnetic to paramagnetic and large-moment ferromagnetic to
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small-moment ferromagnetic) are both first order [112-114]. Other examples
of continuous phase transitions turning first-order at low temperatures include
CeRhsSiy [115,116], Celns [117], URhGe [118], ZrZns [119] and MnSi [120]. The
prevailing point of view seems to be that this happens only in a few cases and
these are considered exceptions. Yet we are facing a rapidly growing list of these
”exceptions”, and we take the view here that they rather represent a general
property of QCPs.

The point is that, on approach to the QCP, an interaction that was deemed
irrelevant initially, takes over and dominates. For example it has been proposed
recently that the superconducting instability, which is marginal in the usual Fermi
liquids, becomes relevant near the QCP and leads to a high transition temper-
ature [121]. Actually these instabilities are numerous and can vary, depending
on the system at hand. However there seems to be a unifying theme of those
instabilities. We suggest that QCPs are unstable precisely for the reasons we
are interested in these points: extreme softness and extreme susceptibility of the
system in the vicinity of QCPs. We regard the recently discovered first order
transitions as indicators of a more fundamental and thus powerful phsyics. We
are often prevented from reaching quantum criticality, and often the destruction
is relatively trivial and certainly not as appealing and elegant as quantum crit-
icality. We can draw an analogy from gravitational physics, where the naked
singularities are believed to be prevented from happening due to many kinds of
relevant instabilities. This is generally known as the ”cosmic censorship conjec-
ture” [122]. The recently proposed AdS/CFT correspondence [123-125], which
maps a non-gravitational field theory to a higher dimensional gravitational the-
ory, adds more to this story. Here researchers have begun to realize that the
Reissner-Nordstrom black holes in AdS space, which should have a macroscopic
entropy at zero temperature, are unstable to the spontaneous creation of particle-
antiparticle pairs, and tend to collapse to a state with lower entropy [126,127].

There have appeared in the literature scattered examples of first-order quan-
tum phase transitions at the supposed-to-be continuous QCPs [80,128-134], how-
ever it appears that the universality of this phenomenon is not widely appreciated.
This universality is the main motivation for our work. We will systematically
study the different possibilities for converting a continuous QPT to first order.

The first striking example how fluctuations of one of the order parameters
can qualitatively change the nature of the transition comes from the Coleman-
Weinberg model [135], where they showed how gauge fluctuations of the charged
field introduce a first order transition. In this work it was shown that in dimen-
sion d = 3, for any weak coupling strength, one develops a logarithmic singularity,
and therefore the effective field theory has a first-order phase transition. Subse-
quently, this result was extended to include classical gauge field fluctuations by
Halperin, Lubensky and Ma [136], where a cubic correction to the free energy
was found. Nontrivial gradient terms can also induce an inhomogeneous phase
and/or glassy behavior [137].

A prototypical example for the competing phases and superconducting dome
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is shown schematically in Fig.1. Below, we apply the renormalization group (RG)
and scaling analysis to infer the stability if the QCP as a result of competition.
We find in our analysis that the QCP is indeed unstable towards a first order
transition as a result of competition. Obviously details of the collapse of a QCP
and the resulting phase diagram depend on details of the nature of the fluctuating
field and details of the interactions. We find that the most relevant parameters
that enter into criterion for stability of a QCP are the strength of interactions be-
tween competing phases: we take this interaction to be repulsive between squares
of the competing order parameters. When the two order parameters break dif-
ferent symmetries, the coupling will be between the squares of them. Another
important factor that controls the phase diagram is the dynamical exponents z of
the fields. The nature of the competition also depends on the classical or quan-
tum character of the fields. Here by classical we do not necessarily mean a finite
temperature phase transition, but rather that the typical energy scale is above
the ultraviolet cutoff, and the finite frequency modes of the order parameters
can be ignored, so that a simple description in terms of free energy is enough to
capture the physics. We analyzed three possibilities for the competing orders:

i) classical + classical. Here we found that interactions generally reduce the
region of coexistence, and when interaction strength exceeds some critical value,
the second-order phase transitions become first order.

ii) classical + quantum. Here the quantum field is integrated out, giving rise
to a correction to the effective potential of the classical order parameter. For a
massive fluctuating field with d + z < 6, or a massless one with d + z < 4, the
second-order quantum phase transition becomes first order.

iii) quantum + quantum. Here RG analysis was employed, and we found
that in the high dimensional parameter space, there are generally regions with
runaway flow, indicating a first-order quantum phase transition.

It has been proposed recently that alternative route to the breakdown of
quantum criticality is through the basic collapse of Landau-Wilson paradigm of
conventional order parameters and formation of the deconfined quantum critical
phases ( [138,139]). This is a possibility that has been discussed for specific
models and requires a different approach than the one taken here. We are not
addressing this possibility.

The plan of this chapter is as follows. In section 4.2, we consider coupling
two classical order parameter fields together. Both fields are characterized by
their free energies and Landau mean field theory will be used. In section 4.3,
we consider coupling a classical order parameter to a quantum mechanical one,
which can have different dynamical exponents. The classical field is described
by its free energy and the quantum field by its action; the latter is integrated
out to produce a correction to the effective potential for the former. In section
4.4, we consider coupling two quantum mechanical fields together. With both
fields described by their actions, we use RG equations to examine the stability
conditions. In particular, we study in detail the case where the two coupled
order parameters have different dynamical exponents, which, to our knowledge,
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has not been considered previously. In the conclusion section, we summarize
our findings. Details of the RG calculation for two quantum fields with different
dynamical exponents are included in the Appendix 4.6.

4.2 Two competing classical fields

We consider in this section two competing classical fields. Examples are the
superconducting order and antiferromagnetic order in CeRhIns and Rh-doped
Celrlns, and the superconducting order and ferromagnetic order near the large-
moment to small-moment transition in UGey. We will follow the standard text-
book approach, and this case is presented as a template for the more complex
problems studied later on.

We first study the problem at zero temperature. For simplicity, both of them
are assumed to be real scalars. The free energy of the system consists of three
parts, the two free parts Fy,, Fiy and the interacting part Fine:

F =Fy + Fy + Fing;

B
2
Fr :%(VM)z —an M? + B7MM4;

Fy =2 (Vi)? — ay? + S

Fine :71/}2M2 .

Here, by changing «, aps, the system is tuned through the phase transition points.
When the two fields are decoupled, with v = 0, there will be two separated
second-order phase transitions. Assume the corresponding values of the tuning
parameter x at these two transition points are xy and x5, we can parameterize
a,ap as a = a(x — x1) and apy = apy (2 — x), where a,aps are constants.

We would like to know the ground state of the system. Following the
standard procgdure, we first find the homogeneous field configurations satis-

F

fying g—i = 737 = 0, and then compare the corresponding free energy. It

is easy to see that the above equations have four solutions, with (|¢|,|M|) =

(0,0), (0, \/aar/Bar), (/] B,0), (., M), where

! !
2 _ v — B
Ay =
Y BBy 4.9
/75/ ()
2 7
amMy =—5—
v _BﬂM

and the rescaled parameters are v/ = v/aan, B = B/a?, By = Bu /a3, When

~v = 0, the fourth solution reduces to (¢, My) = (v/a/B,/arm/Bun), with the

two orders coexisting but decoupled. We are interested in the case where the two
orders are competing, thus a relatively large positive ~.
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Figure 4.2: Tllustration of the mean field phase diagram for two competing orders.
Here for concreteness we consider antiferromagnetic and superconducting orders.
The two orders coexist in the yellow region, whose area shrinks as the coupling
increases from left to right. The left figure has v = 0, the central one has
0 < v < /BB, and the right one has v > /5. When ~ exceeds the critical
value /BB, the two second-order phase transition lines merge and become first
order (the thick vertical line).

For 1 < ¢ < x2, we have a > 0,ap; > 0. The necessary condition for the
existence of the fourth solution is v > £, 84, /'8y or v < B, B /B By
In this case, the configuration (0,0) has the highest free energy F[0,0] = 0. For
the configuration (¢, M,) with coexisting orders to have lower free energy than
the two configurations with single order, one needs to have 7' < \/3’8},, which
reflects the simple fact that when the competition between the two orders is too
large, their coexistence is not favored. Thus the condition for the configuration
(4, M) to be the ground state of the system is v/ < ' and v < B},. If
~' > min{p’, B}, }, one of the fields has to vanish.

Next we observe that, for « near x1, 8, remains finite, @ ~ (z — x1), and v/
diverges as 1/(x — 1), while 3’ diverges as 1/(z — z1)%. So the lowest energy
configuration is ¢ = 0, |M| = \/aar/Bar. Similarly, near x5, the ground state is
(v/a/B,0). The region with coexisting orders shrinks to

yay Tz + Byraxy vaxy + fays
yan + Bua va + Bay

For v < +/BBu, this region has finite width. In this region, (0,0) is the global

(4.3)
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maximum of the free energy, (0, \/on/BM), (\/oz/B,O) are saddle points, and
(14, M) is the global minimum. The phase with coexisting order is sandwiched
between the two singly ordered phases, and the two phase transitions are both
second-order. The shift in spin-density wave ordering and Ising-nematic ordering
due to a nearby competing superconducting order has been studied recently by
Moon and Sachdev [140, 141], where they found that the fermionic degrees of
freedom can play important roles. The competition of magnetism and supercon-
ductivity in the iron arsenides was also investigated by Fernandes and Schmalian
in [142]. They found that the phase diagram is sensitive to the symmetry of
the pairing wavefunctions. It would be interesting to generalize our formalism to
include all these effects.

For v > /BB, this intermediate region with coexisting orders vanishes,
and the two singly ordered phases are separated by a first-order quantum phase
transition. The location of the phase transition point is determined by equating
the two free energies at this point,

o)

FW s

=F

,0

an ()
0, 5M] , (4.4)

which gives x. = (z2 + Az1)/(1 + A), with A = (a/anr)+/Par/B. The slope of
the free energy changes discontinuously across the phase transition point, with a
aapnr

jump
( )gﬁ ( ) Y
dz ) .4 de ) - BB

The size of a first-order thermal phase transition can be characterized by
the ratio of latent heat to the jump in specific heat in a reference second-order
phase transition [136]. A similar quantity can be defined for a quantum phase
transition, where the role of temperature is now played by the tuning parameter
z. We choose as our reference point v = 0, where the two order parameters
are decoupled. For z < w1, one has d>F/dz? = —a3,/Bu; for * > x9, one has
d*F/dz? = —a?/B; and d*F/dz? = —a3;/Bym — a?/ for 11 < x < x3. We take
the average of the absolute value of the two jumps to obtain

SFM =

(wy —x1). (4.5)

3P = (/B + @ /B). (1.6)

So the size of this first-order quantum phase transition is

5o OFW _ 2y BB s
x_(;F(Q)_B+BM($2_$1)’ ()

with 8 = B/a? and B = B /a3, Tt is of order xg — 1, when 3 and B are not
hugely different.
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The above consideration can be generalized to finite temperature, by including
the temperature dependence of all the parameters. Specially, there exists some
temperature 7%, where x1(7T*) = z2(T*). In this way we obtain phase diagrams
similar to those observed in experiments (see Fig. 4.2).

4.3 Effects of quantum fluctuations

In this section, we consider coupling an order parameter ¥ to another field ¢,
which is fluctuating quantum mechanically. The original field v is still treated
classically, meaning any finite frequency modes are ignored. For the quantum
fields, in the spirit of Hertz-Millis-Moriya [143-145], we assume that the fermionic
degrees of freedom can be integrated out, and we will only deal with the bosonic
order parameters. This model may, for example, explain the first-order ferromag-
netic to paramagnetic transition in UGes, where the quantum fluctuations of the
superconducting order parameter are coupled with the ferromagnetic order pa-
rameter, which can be regarded as classical near the superconducting transition
point.

We will integrate out the quantum field to obtain the effective free energy of
a classical field. The partition function has the form

20 = [ Dotrryexp (-5 5.~ 500 (45)

The free energy is of the same form as in the previous section with 7, = [ dirFy.
Thus, in the absence of coupling to other fields, the system goes through a second-
order quantum phase transition as one tunes the control parameter x across its
critical value. We consider a simple coupling

Sps =9 / ddrdriy? P2 (4.9)

The action of the ¢ field depends on its dynamical exponent z. We notice that
such classical + quantum formalism has been used to investigate the competing
orders in cuprates in [146].

The saddle point equation for v reads

dIn Z[p(r)]
5 =" (4.10)
which gives
o+ Bv2w) = V2 + 9(6* ()] v(x) = 0. (4.11)

Here we have defined the expectation value,

B
($?(r)) = %/Dqﬁ(r’m’)/o dr¢?* (v, 7) exp (—Sp — Syp) - (4.12)
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It can also be written in terms of the different frequency modes,

TZ (1, wn)P(r, —wp))

(4.13)
:TZ/DQS(I", Vs )p(r,wn)P(r, —wy) exp (=S — Sye) -

Wn,

The quadratic term in Sy is of the form
2 _
S(;) = Z/ddr’/ddr”qb(rlws)xo Y e ve) (", —vy), (4.14)
Vs
or more conveniently, in terms of momentum and frequency,

S¢ = bk, v5)xg " (k, vs)d(—k, —vs). (4.15)

So in the presence of translational symmetry, we find

ddk 1
TZ / (4.16)
- ik, wn) + g2
This leads to the 1-loop correction to the effective potential for ¢, determined by

AR
=5y =200 (417)

So far we have been general in this analysis. Further analysis requires us to
make more specific assumptions about the dimensionality and dynamical expo-
nents.

When the ¢ field has dynamical exponent z = 1, its propagator is of the form

1

w2 + k242
A special case is a gauge boson, which has zero bare mass, and thus £ — oc.
This problem has been studied in detail by Halperin, Lubensky and Ma [136] for
a classical phase transition (see also [147]), and by Coleman and Weinberg [135]
for relativistic quantum field theory. Other examples are critical fluctuations
associated with spin-density wave transitions and superconducting transitions
in clean systems. We also note that Continentino and collaborators have used
the method of effective potential to investigate some special examples of the
fluctuation-induced first order quantum phase transition [80,129-132].

Let us consider T' = 0, for which the summation T an can be replaced by
the integral [ dw/(2m). We then get for the one-loop correction to the effective

potential
5veg> 'k 1
——— =2 . 4.1
|5 | e G0

Xo(k,wn) = (4.18)
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Figure 4.3: Schematic illustration of the fluctuation-induced first-order phase
transition. Here, for concreteness, we consider ferromagnetic and superconduct-
ing orders. The ferromagnetic order is regarded as classical, while the super-
conducting one as quantum mechanical. At low temperatures, the second-order
ferromagnetic to paramagnetic phase transition becomes first order (the thick
vertical line), due to fluctuations of the superconducting order parameter.

Carrying out the frequency integral, we obtain for d = 3,

5V<; k2
€ = 4.2
2ﬁ/ (4.20)

VR ET 4 gyR

where an ultraviolet cutoff is imposed. Integrating out momentum gives

- A+ A2+ 72 4 gyp?
AVAZ + 672+ g2 — (€72 + gy?)]
+E2 g9 = (¢ +g¢)n< T g0 )]

(4.21)

VP gv
8 4w

which can be simplified as

VPl gy

o 472

2A
-2 Hn | —— || -
SE +gu?) - (¢ +w>n<§4+WJ]
(4.22)
Combined with the bare part,

Vip (@) = —ay? + %Bw‘*, (4.23)

we get the effective potential to one-loop order,

A
16;2 (€2 + gv*)?%In <2> ; (4.24)

V. -
(®) JEZ 1 gut
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with the quadratic and quartic terms renormalized by & = o — g(4A% +
£€72)/(3272) and § = B + 3¢/(32n2). When ¢ field is critical with £ — oo,
the third term is of the well-known Coleman-Weinberg form * In(2A/+/g1?),
which drives the second-order quantum phase transition to first order.

For ¢ large but finite, we can expand the third term as a power series in
£72/(g?), and the effective potential is of the form

2A
Vgi?
In addition to the Coleman-Weinberg term, there is another term of the form
1?2 1n1), and again we have also a first-order phase transition.

To study the generic case where the ¢ field is massive, we rescale the ¢ field
and cutoff, defining

1.
Ven(¥) = 0y + 350" — = (26 g0 + g*p") In

(4.25)

1/1 - 2A
u? =2 A= —. 4.26
= e (420
The rescaled effective potential takes the form
Ve (u) = — Au® + L - (1+u*)?%In A (4.27)
e 2 /71 T U,2 )
which can be further simplified as
N 1
Vet (u) = —Au® + §Bu4 + (14 u?)? In(1 4 u?). (4.28)

The above potential is plotted in Fig. 4.3. We notice that with large enough
cutoff A, one generally has B = B — In A large and negative. For A < 1, u = 0
is a local minimum. There are also another two local minima with u? = y a
positive solution of equation

20+ y)In(1+y)+(1+B)y+1—-A=0. (4.29)

So we generally have a first-order quantum phase transition in this case (see Fig.
3 for a schematic picture).
With dynamical exponent z = 2, the propagator of ¢ field is

1

k,wy,) = .
xollown) = Ty e

(4.30)

Examples are charge-density-wave and antiferromagnetic fluctuations. In the
presence of dissipation, superconducting transitions also have dynamical expo-
nent z = 2.

So the one-loop correction to the effective potential at zero temperature be-

comes (1)
5Veff / / d?k 1
—& - =2 4.31
9y 2m)d [wlro + k2 + €2 + gu? (4.31)
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Vett

Figure 4.4: The effective potential as a function of the rescaled field u for various
parameters in the case d = 3,z = 1. Here Vog(u) = —Au? + %Bu4 + 1+
u?)?In(1 + u?), with B = —5, and A = —0.25, —0.116,0 from top to bottom.

Figure 4.5: The effective potential as a function of the rescaled field u for (a)
d = 3,z = 2, where we have plotted Veg(u) = —Au® + §Bu* + (1 4+ u?)%/? — 1,
with B = —8, and A = —3,-2.597, —2.2 from top to bottom; (b) d = 3,z =
3, where Vog(u) = —Au® + %Bu4 + (1 +4?)3In(1 + w?), with B = —10, and
A =0.1,0.208,0.3 from top to bottom; (¢) d = 1,z = 2, where we have plotted
Ver(u) = —Au?+1Bu*—(1+u?)3/2+1, with B = 0.1, and A = —5.3,-5.1413, -5
from top to bottom; (d) d = 1,z = 1, where we have plotted Vg (u) = —Au? +
1Bu' — (1 +u?)In(1 + v?), with B = 0.3, and A = —1.45,—1.412, —1.39 from
top to bottom. All these plots are of similar shape. However, we notice that the
scales are quite different.
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The momentum integral is cutoff at |k| = A, and correspondingly the frequency
integral is cutoff at |w|mo = A2. First, we integrate out frequency to obtain

SV W) A2

= n(14 —+—— 4.32
- WSTO/dkk n<—|—k2+€_2 (4.32)

+ gy? > ’
and then integrate out momentum, with the final result

SV Y] g s, (E2+g? +2A2 .
=t [ () o

+2(672 + gw2)3/2 arctan

A
Vg %)

A

—2(672 4+ gv% + A?)3/2 arctan

Up to order A, this is

Var' W _ _gv { v

sy 3mdm

2+In2- E) + ?%A(f_z +g?) + (€ + gwg)?’/ﬂ .

2
(4.34)
The first two terms just renormalize the bare o and 5. When the ¢ field is critical,
& — 00, the third term becomes of order ¢°, and is thus irrelevant. When ¢ is
large but not infinite, we get the effective potential

32§2

5/2
G P+ e (43)

15727

Ver(¥) = —ap® + %Bw“ +

In addition to the 9° term there is another term of order 3, which may drive
the second-order quantum phase transition to first order.

Let us consider a massive ¢ field. Carrying out the same rescaling as we made
for z = 1, we get the rescaled effective potential of the form

N 1
Vg (u) = —Au® + 5Bu‘* + (14 u?)/2. (4.36)

For large negative B, we obtain a first-order quantum phase transition (see Fig.

4.5(a)).
When the ¢ field has dynamical exponent z = 3, e.g. for ferromagnetic
fluctuations, its propagator is

1
yloml 4 g2 4 g2

Thus the one-loop correction to the effective potential at T' = 0 is determined

from (1)
% ddk 1
L =2 ¢/ / 5 , (4.38)
Y% +k2+§72 +97/12

(4.37)

XO(k7 wn) =
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with a momentum cutoff at |k| = A, and a frequency cutoff at v|w| = A3. The
frequency integral gives

AU R A
& = In (1 4.
R | B
and the momentum integral further leads to the result
1 1
Ver(¥) = —ay? + 5Byt + 96715 (2 +99*)° In(§7% + gy?). (4.40)

When ¢ is critical, & — oo, the third term is of the form %In, which is
irrelevant. For finite &, there is also a term of the form v¥* In), which will drive
the second-order quantum phase transition to first order.

For general £, the rescaled effective potential reads

1
Vest(u) = —Au® + §Bu4 +(1+ u2)3ln(1 + u2). (4.41)

We define = u?. To produce the energy barrier in a first-order transition,
Ve /dx = 0 needs to have two distinct positive solutions. For A a freely tunable
parameter, the condition for —Bx + A = f(x) = (1 + 2)?(1 + 3log(1 + )) to
have two distinct positive solutions is that —B > min[f'(z)] = f/(0) = 5. So
when the renormalized parameter satisfies the condition B < —5, we obtain a
first-order quantum phase transition (see fig. 4.5(b)).

For a dirty metallic ferromagnet, the dynamical exponent is z = 4. In this
case, with the propagator

1

xo(k,w,) = A, (4.42)
the rescaled effective potential reads
- 1
Ve (u) = —Au® + §Bu4 — (1 +u?)72 (4.43)

Higher order terms need to be included at large u to maintain stability. When
the ¢ field is critical, the third term is of order ¢7, which is irrelevant. When the
¢ field is massive but light, there will also be a term of order ¢° which is again
irrelevant. For general ¢, in order for u = 0 to be a local minimum, we need to
have A < —7/2. In this case, V/;(u) = 0 has only one positive solution. Thus we
have a second-order quantum phase transition.

We can calculate the fluctuation-induced effective potential in other dimen-
sions in the same way as above. For d =2,z = 1, and also for d = 1, z = 2, with
the rescaled field defined by u? = gi, the rescaled effective potential is of the
form

1
Veg(u) = —Au® + 5Bu4 — (14?32 (4.44)
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When the ¢ field is critical, the third term becomes of order —|¢|3, of the
Halperin-Lubensky-Ma type, thus the quantum phase transition is first-order.
Generally when A < —1.5,AB > —0.5, B(A+ B) > —0.25, v = 0 will be a local
minimum of the rescaled effective potential ‘Zsﬁ, and there are two other local
minima at nonzero u. Hence there is again a first-order quantum phase transition
(see Fig. 4.5(c)). Otherwise there will be a second-order phase transition.

The effective potential in the case with d = 2,z =2, and d = 1,z = 3 turns
out be of the same form as that of d = 3,z = 1, as expected from the fact that
both cases have the same effective dimension d + z = 4. The case d = 2,z = 3 is
the same as d = 3,z = 2.

For d =1,z = 1, the effective potential takes the form

Vg (u) = —Au® + %Bu4 — (1 +u?) In(1 +u?), (4.45)

which leads to a first-order phase transition for B < 1 (see Fig. 4.5(d)). The
third term reduces to ¥2In+ when ¢ is critical. In this case the quantum phase
transition is always first order for any positive value of B.

In the table below, we list the most dangerous terms generated from integrat-
ing out the fluctuating fields. The second row in the table corresponds to the
case where ¢ is critical or massless, and the third row has ¢ massive.

d+z 2 3 4 5 6 7
massless 2 Ine 3 viny | @° | ¥SIny | ¢7
massive | (Y2 +1)Iny | Y3+ | 2Iney [ 3 | T ney | ¢

One can clearly see that in the massless case, the fluctuations are irrelevant
when d + z > 5, while in the massive case, they are irrelevant for d + z > 7.
Otherwise the second-order quantum phase transition can be driven to first order.
The order of the correction is readily understood from the general structure
of the integrals. With effective dimension d + z, in the massless case one has
§V/6¢p ~ ¢ [d¥2k(1/k?). Since k? ~ 12, this gives the correct power §V ~
p¥t* . Replacing gi? by g¢? + €72 and then carrying out the expansion in
£72/gb?, one gets for the massive case a reduction by 2 in the power. We
also notice the even/odd effect in the effective potential: for d + z even, there
are logarithmic corrections. The case d + z = 4 can be easily understood, as
the system is in the upper critical dimension, and logarithmic corrections are
expected. We still do not have a simple intuitive understanding of the logarithm
for d+ z = 2,6.

4.4 Two fluctuating fields

We consider in this section the case where the two coupled quantum fields are
both fluctuating substantially. The partition function now becomes

Z = /D’Q/J(I‘, T) /'D(b(l‘ﬂ') exp (—S¢ - S¢ - S¢¢) . (446)
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We will use RG equations to determine the phase diagram of this system. When
there is no stable fixed point, or the initial parameters lie outside the basin
of attraction of the stable fixed points, the flow trajectories will show runaway
behavior, which implies a first-order phase transition [147-151]. The spin-density-
wave transitions in some cuprates and pnictides fall in this category [152-165].

T T

AFM AFM
SC SC

X — X

Figure 4.6: Illustration of the fluctuation-induced first-order phase transition in
the case of two quantum fields. Here for concreteness we consider the antifer-
romagnetic order and superconducting order. At low temperatures, the phase
transitions may become first order (the thick vertical lines), due to fluctuations.

We have considered in the previous sections coupling two single component
fields, having in mind that this simplified model captures the main physics of
competing orders. However, we will see below that when the quantum fluctu-
ations of both fields are taken into account, the number of components of the
order parameters do play important roles. So from now on we consider explic-
itly a ni-component vector field @b and a no-component vector field ¢ coupled
together. When both fields have dynamical exponent z = 1, the action reads

1 1
S’P :/ddrdT |:—Ol1|’l,b|2 + 551“/"4 + 2|a#1/)|2:| )
1 1
S¢ :/ddrdT |:012|¢|2 + 562‘(]5‘4 + 2|8#¢2:| ) (447)
Sw¢ :g/ddrd7|¢|2|d)\2,

where 4 = 0,1,--- ,d. This quantum mechanical problem is equivalent to a
classical problem in one higher dimension. Then one can follow the standard
procedure of RG: first decompose the action into the fast-moving part, the slow-
moving part and the coupling between them. The Green’s functions are Gy, =
1/(—2a; + k* + w?) and Gy = 1/(—2as + k* + w?). The relevant vertices are
Brb20%, B2026%, gU2 6%, 9302, gihuibpdudy. To simplify the notation we rescale
the momentum and frequency according to k — k/A,w — w/A, so that they lie
in the interval [0, 1]. The control parameters and couplings are rescaled according
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to ai o — a12A% Bra — B12A37% g — gA3~9. Afterwards we integrate out the
fast modes with the rescaled momentum and frequency in the range [b~1,1].
Finally, we rescale the momentum and frequency back to the interval [0, 1], thus
k — bk,w — bw, and the fields are rescaled accordingly with 1) — b(@=1/2¢) ¢ —
bd=1/2¢  Using an e-expansion, where ¢ = 3 — d, one obtains the set of RG
equations to one-loop order,

do; 1

CZ =201 — 25 (ni + 281+ 201) + g1+ 20,)]

dpg; 1

dﬂl =i — g l(ni + )87 + 7] (4.48)
d

(- gzl + 25+ (a4 28+ 491

with index i, j = 1,2, and i # j. These equations are actually more general than
considered above. They also apply to generic models where two fields with the
same dynamical exponent z are coupled together. Generally one has e = 4—d—z,
thus a quantum mechanical model with dynamical exponent z is equivalent to a
classical model in dimension d + z.

Figure 4.7: Plot of the RG trajectories in the $; — B2 plane for two quantum
fields with the same dynamical exponent below the upper critical dimension.
Here we have chosen € = 4 —d — z = 0.1. The RG trajectories have been pro-
jected onto a constant g plane with g = ¢*, and ¢g* the value of the coupling
strength at the stable fixed point. (a) corresponds to the case ny = ng = 1,
where the fixed point is at 87 = 85 = ¢* = 4n%¢/(ny + na + 8) ~ 0.3948.
(b) corresponds to the case ny = 2,ns = 3, where the fixed point is at
(BF, B3, 9%) = 4m2€(0.0905,0.0847,0.0536) ~ (0.3573,0.3344,0.2116). In both
cases we found that, above some curve (the dashed lines), the RG trajectories
flow to the corresponding stable fixed point, while below this curve, the RG
trajectories show runaway behavior.

It is known that the above equations have six fixed points [166], four of which
have the two fields decoupled, i.e., g* = 0. They are the Gaussian-Gaussian point
at (87,85) = (0,0), the Heisenberg-Gaussian point at (85, 83) = (4m2¢/(n1 +
8),0), the Gaussian-Heisenberg point at (87, 83) = (0,47%¢/(ny + 8)), and the
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decoupled Heisenberg-Heisenberg point at (8F, 83) = (472¢/(ny + 8),472%¢/(ng +
8)). The isotropic Heisenberg fixed point is at 8f = 5 = g* = 4nw2¢/(ny +
ng + 8),af = ab = e(ny + ng + 2)/4(n1 + ng + 8). Finally there is the biconical
fixed point with generally unequal values of 87, 55, and ¢g*. In the case, with
n1 = ny = 1, this is at (8, 85, 9%) = 27%¢/9(1,1,3). For ny = 2,np = 3, one has
(B5, B35, 9") = 472€(0.0905, 0.0847,0.0536).

We find that there is always just one stable fixed point for d + z < 4, below
the upper critical dimension [166]. The isotropic Heisenberg fixed point is stable
when ny + ny < n. = 4 — 2e + O(€?), the biconical fixed point is stable when
ne < Ny + ng < 16 — ning/2 + O(e), and when ning + 2(n1 + na) > 32+ O(e),
the decoupled Heisenberg-Heisenberg point is the stable one. When the initial
parameters are not in the basin of attraction of the stable fixed point, one obtains
runaway flow, strongly suggestive of a first-order phase transition. Consider for
example n; = 2,ny = 3, where the biconical fixed point is stable. For two critical
points not too separated, that is, |3 — as| not too large, when g > /51052
the RG flow shows runaway behavior, and one gets a first-order quantum phase
transition. The corresponding classical problem has been discussed in [167]. We
notice the difference from the case with two competing classical fields, where
one also obtains the same condition for the couplings v > /(152 in order to
have a first-order phase transition. There, the two ordered phases are required
to overlap in the absence of the coupling, in other words, one needs to have
x1 < x3. However, in the quantum mechanical case we are considering here,
this is not necessary. We plot in Fig. 4.7 the RG trajectories for two cases (a)
ny = ny = 1 and (b) ny = 2,n3 = 3, where in both cases, below some curve,
runaway behavior in the RG trajectories is found.

When d + z = 4, all the other fixed points coalesce with the Gaussian point,
forming an unstable fixed point, thus leading to a first-order phase transition
(see Fig. 4.8(a) ). A similar model with an extra coupling and n; = ny = 3 has
been discussed by Qi And Xu [133], where runaway flows were also identified.
Another similar problem with d = 2,z = 2 was studied by Millis recently [134],
where a fluctuation-induced first-order quantum phase transition was shown to
occur. We also notice that in some situations, including fluctuations of the order
parameter itself may drive the supposed-to-be first-order transitions to second
order for both classical and quantum phase transitions [168-171].

For d + z > 4, the stabilities are interchanged. The Gaussian fixed point
becomes the most stable one. So the basin of attraction of the stable fixed
point changes. We found numerically that for a given coupling strength g, in
the B; — B2 plane, the RG trajectories show runaway behavior when the initial
points lie below some curve (see Fig. 4.8(b)). That is, when the coupling between
the two fields is strong enough, the QPTs become first order. Just above these
curves, we found that the RG trajectories will enter the domain with negative (31
or negative B3, and then converge to the Gaussian fixed point. For 3, 82 large
enough, the RG trajectories just converge to the Gaussian fixed point without
entering the negative domain.
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Figure 4.8: Plot of the RG trajectories in the 51 — 2 plane for two quantum fields
with the same dynamical exponent in and above the upper critical dimension.
The RG trajectories have been projected to a constant g plane. And we have
chosen ny = ny = 3. (a) corresponds to the case exactly at the critical dimension
with € =4 —d — z = 0. In this case there is only one fixed point with 57 = 55 =
g* = 0, the Gaussian fixed point, which is unstable. We found runaway flows
everywhere. (b) corresponds to the case above the critical dimension, where the
Gaussian fixed point is the stable one. Here we have chosen ¢ =4 —d—z = —0.1.
We found, below some curve (the dashed line), that the RG trajectories show
runaway behavior.

4.4.1 Competing orders with different dynamical expo-
nents

We consider next coupling a z = 1 field to another field with dynamical exponent
z = z1 = 2. To our knowledge, such models of two competing order parameters
with different dynamical exponents have not been studied previously. The action
now takes the form

k2 1
S, :/ddkdw (—a1 L ] ) [ + /ddrdT551|¢\4,

So= [ divdr {a2¢|2 o Blol+ ;|a#¢2} , (4.49)

Spo =g / drdr |||,

The RG analysis of such models is not an easy task. The conventional pic-
ture is that in d spatial dimensions, the quantum field theory of a bosonic field
with dynamical exponent z is equivalent to a classical field theory in d + z di-
mensions. This picture still holds when there are more than one field, but all
the fields have the same dynamical exponent. However, when the coupled fields
have different dynamical exponents, this picture is no longer valid: the fields are
frustrated in choosing their effective dimensions. Technically, this problem arises
in the RG analysis for example when one calculates the loop diagrams containing
internal lines corresponding to fields with different dynamical exponents. If we
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think more carefully about how one arrives at the conventional way of counting
effective dimensions, we will find that one has to rescale the parameters to ab-
sorb the generally dimensionfull v parameters, the presence of which ensures the
frequency dependent terms in the action to have the right dimensions. We will
show explicitly such rescaling below. With distinct dynamical exponents, one
can no longer rescale out these v parameters. They actually lead to dramatically
different scaling behavior in the RG structure: there is now a line of fixed points.

The new parameter v; has dimension [y;] = L', and its one-loop RG equa-
tion is simply

dn

The Green’s function for the ¢ field becomes Gy = 1/(—2ay 4+ k? + 71 |w|/k* 72).
The RG equations for the other parameters are modified accordingly,

d Q
ﬂ =207 — —d(nl + 2)61 (1112 + 20(1) — Qd+1ngg(2 + 20[2),
dl ™Y1
dOtQ Qd
—= =209 — Qay1(na +2)52(2 + 2a2) — —n19(In2 + 2a4),
dl Y1
dB 204
— =P - 7T71(nl +8)B87 — 2Q41 11247, (4.51)
df 20
a =€fs — 2Q11(ns + 8)835 — TMMQQ,
dg QQd Qd 2’)/1 In Y1 +
— = - — 2 —2Q 2 L e
b, ( 2 -+ 2)8 — Wl + 28 — S52 TEI)

where € = 3 — d and Qg = 2742 /(27)T'[d/2] is the volume of the d-dimensional
unit sphere. The derivation of the above RG equations is included in the ap-
pendix. We notice from the above procedure that when the two fields have the
same dynamical exponent z > 1, one can rescale the couplings to ,5’1 = 51/7, Bg =
B2/7v,9 = g/v, and these new parameters satisfy the RG equations (4.48) with
E=4—d-z.

The presence of two different dynamical exponents obviously complicates the
problem. It is generally expected that the modes with a larger dynamical ex-
ponent dominates the specific heat of the system, since they have a large phase
space, while the modes with a smaller dynamical exponent may produce infrared
singularities, since they have a smaller upper critical dimension [172]. In the
absence of the coupling between the two fields, we have the RG equations

by
dl

dBs
dl

. Q _
—(4—d - - T+ 8)F, (4.52)

=(3 — d)B2 — 2041 (na + 8)32.
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For d = 3, 2 is marginal with an unstable fixed point, while Bl is irrelevant and
its Gaussian fixed point is stable.
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Figure 4.9: Plot of the RG trajectories in the 53 — B2 plane for two coupled
quantum fields with different dynamical exponents. The RG trajectories have
been projected to a constant g plane with ¢ = 1. We have chosen the spatial
dimension to be d = 3, the dynamical exponents z; = 2, 2o = 1 and the number
of field components ny = ny = 3. (a) shows the RG trajectories originating from
the region below the dashed line, which flow to negative 31 or negative (35 regions.
(b) shows the RG trajectories originating from the region above the dashed line,
and those flow to the stable points on the positive axes of (31, the location of
which is sensitive to the initial value of the parameters.

Generally, for z > 1, if the initial value of 7; is nonzero, the absolute value of
~v1 will increase exponentially. The RG equation for 85 becomes independent of
other parameters,

dps

W = 652 - 2Qd+1(n2 + 8)ﬁ§ (453)

We are interested in the case € = 0, for which s is readily solved to be

1
) = e e S = 1)

(4.54)

with 3, taken at the crossover scale I, at which the 32 term begins to dominate
the g2 term. Only the sign of 3, matters. If 55 > 0, as [ increases, 3 will decay
to zero, flowing to its Gaussian fixed point. From the simplified RG equations
for g,

dg

m = —294 (TLQ + 2)9527 (455)
one can see that with a lower power in 5, g drops to zero even more quickly than
B2. Taking (B as quasi-static when considering the evolution of g, one notices
that g decays exponentially as g(I) ~ exp(—2Q4(ng + 2)B20). So dfpy/dl also
decays exponentially, and before 2 goes to zero, §; already stabilizes to a finite
value 87, which depends on the initial value of §;. Actually from the simplified
RG equations for 31, 82,9 with 1/4; set to zero, one can see directly that the
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fixed points are at 85 = ¢* = 0, with 8 any real number: we have a line of
fixed points. When 7 > 0, there will be a second-order phase transition. When
B7 < 0, the transition becomes first order (see Fig. 4.9).

If By < 0, the absolute value of 8 will increase without bound. Subsequently
g and B also diverge, leading to runaway flows.

4.5 Conclusions

Quantum criticality in the presence of competing interactions is an important
guiding concept that allows us to organize a framework for emergent states near
QCPs. Here we investigated the stability of a quantum critical point in the
presence of competing orders. We focused on a simple quadratic-quadratic inter-
action, where coupling between two competing phases is assumed to be of gi?¢$>
form. We find that QCPs are often unstable and transform into first order lines
of transitions. The detailed scenario on how the instability develops depends
on the precise nature of the competing interactions, dynamical exponents and
strength of the coupling. The general trend we observe is that competing in-
teractions, be they classical or quantum, often lead to the instability of QCPs.
This instability in fact always occurs, in the cases we have investigated, if the
coupling ¢ is strong enough. We thus conclude that breakdown of QCPs is a
ubiquitous phenomenon. The magnitude of the specific heat jump in some first
order transitions (the classical 4 classical case) is of the same order as the spe-
cific heat released in a second order transition and these first order transitions
are strong, and not weakly first order as found in Halperin-Lubensky-Ma. An
immediate consequence of this breakdown is that we can expect spatially mod-
ulated inhomogeneous phases to be present near QCPs, given their propensity
to turn into first order transitions. The wide likelihood identified here of first
order transitions preempting a QCP leads us to anticipate the nucleation and
metastability phenomena associated with such transitions [173]. Additionally,
proximity to first-order transitions makes auxiliary fields (e. g. magnetic field,
strain) and disorder very important over substantial parameter regions [174].

The broad similarities we pointed out between QCPs and AdS/CFT models
offers an interesting possibility that in fact AdS models are also spatially inho-
mogeneous. More detailed analysis that allows breakdown of scaling, specific for
AdS/CFT is suggested.

We derived the renormalization group equations for two coupled order pa-
rameters with different dynamical exponents. We found that there are a line of
fixed points, which is quite different from the case where two order parameters
have the same dynamical exponent. Very recently, there have appeared some
interesting reports [172,175] investigating the effects of the presence of two order
parameters with different dynamical exponents near the Pomeranchuk instabil-
ity [176], as examples of multiscale quantum criticality. It would be interesting
to see how the presence of two different dynamical exponents, and the coupling
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between the corresponding order parameters, affect the scaling of resistivity, es-
pecially whether a linear-resistivity is possible, overcoming the "no-go” theorem
for single parameter scaling [177].

In this chapter, we have confined ourselves to the framework of Hertz-Millis-
Moriya [143-145], considering only the interplay of bosonic order parameters.
It would also be interesting to study the electronic instabilities, to see whether
the superconducting instabilities and Pomeranchuk instabilities are enhanced in
fermionic quantum critical states. Fermi liquids, even with repulsive interac-
tions, are unstable towards forming a superconducting state, due to the Kohn-
Luttinger effect [178] resulting from the presence of a sharp Fermi surface. For the
fermionic quantum critical states, the momentum distribution function may have
only higher order singularities [179]. It would be interesting to check whether
the Kohn-Luttinger effect is still active in this case.

4.6 Appendix: RG equations for two fields with
different dynamical exponents

In this appendix, we will derive the RG equations of two competing orders with
different dynamical exponents. We follow the notation of [180]. Our starting
point is the action ((4.49)). First we count the dimensions of the field operators
and all the parameters:

[r] = [r] =L,
[k] = [w] =L,
w _ d) :-L(lfd)/27
[aE] : [CH . (456)
[B1] = [B2] =L473,
[g] =173,
[ya] =L'~*
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Then we decompose the action into slow and fast modes. The action for the slow
modes reads

(s) —g(® (s) (s)
SY=57 45,7+ Sy

2
) _ [ o w| 2 dg 1 1
S1/1 —/d kdw (—a1+2+2k21_2> [s] +/d I‘dT551|¢s| )

(4.57)
1 1
57 = [ e [-aslo? + Lulant+ 210,04
s) =g [ dtvrl e
Since we will only consider RG to one-loop order, the interaction terms in the fast

modes, the contraction of which leads to second-order diagrams, can be ignored.
Thus we obtain the action for the fast modes,

() —gh) 4 g
S =si) + s,

K2 w
s :/ddkdw <a1 +5+ D kil_g) ¥, (4.58)

1
Séf) :/ddrdr |:—062¢f|2 + 2|8u¢f|2] ,

from which one can easily identify the Green’s functions as

5
sz [/(/)] = L )
! T (4.59)
5
f _ ij
Gijl9) 200 + k2 + w?’

The coupling between the slow modes and fast modes takes the form

S, = /ddrdr ZFijkl (3511#}1/)?1#5% + 332%(/5;(755(15[3)

ijkl
+g|¢s|2|¢f|2 + g|¢f|2‘¢s|2 =+ 49(¢s : ¢f)(¢s : ¢f)] ;
with the tensor Fijkl = %(52‘]‘(5]@1 + 5ik5jl + 5il5jk)-

Now we can integrate out the fast modes and see how the different parameters
change accordingly. The effective action of the slow modes is determined by

(4.60)

exp [fSélff)} = exp {75(5)] exp |:<Sc>f + %(Sf);on . (4.61)
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In the S? term we take a connected average, thus the superscript ”con”. The
coefficients in the RG equations will depend on the different renormalization
schemes. Here we will use the procedure that is most convenient for the problem
at hand, similar in spirit to what was outlined in [181]. We integrate over the
momentum interval A/b < k < A, which after rescaling k — k/A, gives b=! <
k < 1. The frequency part is more complicated. We will introduce a cutoff when
it is necessary, otherwise just integrate over the whole range —oc0 < w < oc.
The main reason for us to choose this RG scheme is that in calculating the third
correction to the coupling g, the two internal lines come from order parameters
with different dynamical exponents, thus the two frequencies scale differently with
momentum, and this RG scheme offers a simple and self-consistent treatment of
the cutoffs.
71 does not receive corrections up to first-order.

-~ .

Figure 4.10: One-loop diagrams contributing to the first order correction of a;.
The solid lines represent the v fields, and the dashed lines represent the ¢ fields.
The external lines are slow modes, and the internal lines are fast modes.

Two terms in the action (4.60) contribute to the first-order corrections of a;.
The coupling ¥717 leads to the correction

dd+1q/ ) ) dd+1q
(1) _ B i INalJ (! k L
5 Sfen] =361 3~ Fo | s [ Gt avica
(4.62)
Using the identity,
ny + 2
Z Fiiki Lo, (4.63)
one obtains
1
W S[ay] = (n1+2)51%/dw/ dkkd=1 21 i
s —1 _ d
b 200 + k% + 1= (4.64)

dd+1q

/W'lps((ﬂ - Ps(—a).

Assuming that the 1) field is near its critical point, thus «; is a small parameter,
the Green’s function can be expanded in terms of —2q;. The correction term
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can be written as

(@) pe(—q),  (4.65)

i Qd dd+1
S Slan] = (m -+ 2)8 54 (1 + 211a) [ 15

where we have defined the series of functions

1
1
I, = / dw / dkkd=! - (4.66)
bt (kz+% Jw] )

kz1—2

Let us first calculate I;. The frequency integral requires a cutoff. From dimen-
sional analysis, we choose to integrate over the region —1 < y3w < 1, and obtain
the result )

2 14 k*

I == dkk4T=1=31n ( i > . (4.67)

gt k=
To proceed further, we are required to specify the dimension and dynamical
exponent. Consider d = 3,27 = 2, where one has

2 1
I = 3 {an—b?’ln( :b ) +2(1 — b1 —2arctan1 + 2arctan b~
1

Y

(4.68)

Expanded to first order in (1 — b71), it is simply

2In2
L=""201-0Y. (4.69)
!
For d = 2, z; = 2, we obtain
1

L=—[2In2— (146 *)In(1+b2)+b *Inb?], (4.70)

4!

which leads to the same result (4.69) when expanded to first order in (1 —b~1).
This result can also be obtained more crudely by setting £k = 1 in the integrand
of (4.67). Iy can be calculated similarly, with the result
2 -1
I,=—1-b""). (4.71)
71
So the one-loop correction to a; coming from the coupling wfwj% is

d+1
tlq

slon] = (m1+2)0 2 (0 2+ 20) [ Sl v, (472

We next calculate contributions from the coupling w§¢f¢, which takes the form

dd+1 / Y , dd+1
5 Sax] —g§ / G () (—a) / @ (-,
(4.73)
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with Fi’jkl = 0;0k1. So we have simply the identity
Z Fligr = 12051, (4.74)

which gives

5) 5[y = &/d / dkk ! /dd“ 5(Q) - s(—q)
Qg —nngﬂ_ w - —20a5 + k2 + w? (27r)d+1 s s(—q).

(4.75)
Defining the new set of functions
1 . 1
= [d dkk*t———— 4.76
/ WA_l (kQ +w2)n) ( )
one obtains
Q4 dd+1q
s8] = nego - (Il + 2a513) / W¢s(‘l) “Ps(—q). (4.77)
Here we integrate over frequencies in the range —oco < w < 0o, and get
1
I=m / dkkd=2, (4.78)
p—1
which is, to first order in (1 —b71),
II=7n(1-b"1). (4.79)
Similarly for I, we have
1
== / dkkd—4, (4.80)
2 Jp
thus -
I, = 5(1 —b ). (4.81)

Near d = 3, one has Q4/4 ~ Q441. Grouping all these together, we obtain the
second term in the correction to o as

d+1
tlq

90 Sien] = magfaia(1 = )2+ 200) [ Gowa) wica) (@s2)

The calculation of the first order corrections to as is quite similar to that of
ay. There are again two terms contributing. The coupling w;ﬁ gives rise to a
term of the form

dd+1 ! , ; , dd+1
o Slou] =93~ Fi / G e () [ Gob@e(-a).
(4.83)
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Figure 4.11: One-loop diagrams contributing to the first order correction of as.
The solid lines represent the v fields, and the dashed lines represent the ¢ fields.
The external lines are slow modes, and the internal lines are fast modes.

Summing over the field indices,

Z zzkl¢]§¢i = n1‘¢5|2’ (484)
we obtain
Q ! 1
6 S[as)] =n1g*d/dw dkk®1 o
2 ] T 2o 4 (4.85)
dd+1 '
/W(ﬁs( )+ @s(—a),
which can be expanded as
Q dd-i-l
61 Slas] = miggt (I + 201 o) / i a(@) - $u(—a). (4.86)
(2m)+
The result is
d+1

3 Slaz] = mig 2 (1= b )2+ 200) | ) du(—a). (487

The other term comes from the coupling gb?cgzﬁi. It has the form

(2) g % / d*tlq Kk l
108102) =353~ Fus | Grotitonaro-a)) [ Gathokial-a)
ijkl s

(4.88)
We first sum over the field indices,

n +2
Y Fundhol = —2—1o I, (4.89)
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resulting in

1

Q 1
(2) — 2) 3, -4 d—1___ -
1) S[ag] (nz + )ﬂQ 5 /dw - dkk S0y 1 2 3

" (4.90)
[ i@ ou(-a

Expanding to first order in as, one has

d+1
tlq

6(2)5[042] = (n2 + 2)622 (I{ + 20{2[9 / {;T)dﬂd)é(q) : ¢s<_q)’ (491)

2td
T
and the final result is

dd+1q
5(2)S[a2] = (ng + 2)Bde+1(1 — b_1>(2 + 20&2) / qus(q) . qf)s(—q), (492)

- S
.
‘‘‘‘‘

Figure 4.12: One-loop diagrams contributing to the first order correction of 5.
The solid lines represent the ¢ fields, and the dashed lines represent the ¢ fields.
The external lines are slow modes, and the internal lines are fast modes.

The first order correction to 31 comes from two one-loop diagrams, one with
two internal ¢ lines, the other with two ¢ lines. The dependence of the internal
lines on the external momenta and frequencies can be ignored here, since they
are of higher order.

The first term with ¢ internal lines is of the form

dd+1q/ i N /
sVS[B] == (387 Y. > FiljlklllFizjgkzzz/WW’fl(q U7 (=d))
kikalila 11927172 f ( 7T)
W} (@) (-a) [ drarol ool + 2 pemutations,
(4.93)

Using the identity,

Z Fijkit, Fijaty, = [(nl + 4)0k11, kst + 20k, k2010, + 26]6112670211] ) (4.94)
]

Nl
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combined with the 2 other permutations of the external lines, the part containing
the field component indices can be simplified as

1+8

SN ik Fijra o w22 + 2 permutations = [g|t. (4.95)
kikolily ij
Thus the first correction to 31 reads
(1) — 2& ' d—1 1 d 4
dHS[B1]) = —(n1+8) 5 dw dkk drdr|ps|”,
2m bt ( 2&1 + k2 + ga! kzl 2
(4.96)
which is, to leading order of a;,
Q
DS(51] =~ +8)8 32 a [ dirdrll (197)
Substituting the explicit expression for I, we get the result
Q
sV8[B] = —(n1 + 8)[312#(1 - b‘l)/ddrd7|1/:s|4. (4.98)
1

The second term has two ¢ internal lines, and takes the form

dd+1 /

0@s Z Z 1]1’€151 12]2k2l2/W<¢ (a /)d)?(_q/»

i192j1J2 k1kalil2
<¢j1( )éf’h /ddrdﬂ//klwkz?/)llzbb + 2 permutations.
(4.99)

The part with the field component indices gives

Z Z Gk ”kﬂzwklwhwllwlz’ + 2 permutations = na [t (4.100)

kikolila i

which further leads to the result

9) ! 1
5§88 = — 2—‘1/61 / dkk41 /dd dr|,|*.
[Bl] na2g o w - (—2a2+k‘2—|—w2)2 r T|1/)S|
(4.101)
To leading order in aq, it is
Q
A S[6,] = fnggQQ—dfé / drdr|ip,|*, (4.102)
™

or more explicitly,

SDS[B] = —nag?Qur (1 — b1 / dirdr || (4.103)
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Figure 4.13: One-loop diagrams contributing to the first order correction of Ss.
The solid lines represent the ¢ fields, and the dashed lines represent the ¢ fields.
The external lines are slow modes, and the internal lines are fast modes.

The first order correction to the 8o term also comes from two diagrams. The
first one has two 9y internal lines, and is of the form

dqu/ i i
5(1)5[@}:—92 Z Z FilljlklllFilgjzkzzQ/fW<¢fl(ql)¢f2(—ql)>

i1i2j1J2 k1kalil2
] (@) (~a)) [ dirdrolioleohi ol + 2 permutations.
(4.104)

Summing over different field components, where one has

Z ZF;jklllFi/jkzlg(b51¢§2¢lsl #'2 + 2 permutations = ni|¢s|?,  (4.105)
kikalily ij

the first correction to the S5 term is

0 1 1
W S[By] = —nng—d/dw/ dkkd! o /ddrdT|¢S|4.
27 bt (=201 + k2 + )2
(4.106)
To first order in aq, it is simply
0
W S[By] = —nngQJIQ / drdr|p,)?, (4.107)
T

which can be written as

W S[By] = —nlg2&(1 — b*l)/ddrdwsﬁ. (4.108)
™Y1
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The second diagram contains two ¢ internal lines, thus the correction reads

dd+1 ! ] N T /
5 S[Bs] = — (362)? Z Z Fi ik zmkzzz/f(%T)ﬁl@?(q)(bf(—QD

kikalilz i1125172

(@ ()07 (~a) [ d'rdrolaf>oh ol + 2 pemutations.

(4.109)
The summation over the field indices gives
ki gko gla 4l : ne + 8 11
Z Z Fijk1l1Fijk2l2¢sl¢sz¢sl ¢52 + 2 permUta’tlonS - |¢S‘ (41]‘0)
kikalily ij
Thus the second correction to 5 reads
(2) QQd ' d—1 d 4
6 S =— 8)Ps— [ d dkk*~ drd
) = ~ma+ 9552 [ [ it ey [ atraria
(4.111)

When the ¢ field is near its critical point, the above expression can be simplified
to be

DS [Ba) = —(na + 8)ﬂ§§—;15/ddrdﬂ¢s|4, (4.112)

which is
P S[By] = —(ng + 8)B2Qq41 (1 — b7 1) /ddrdr|¢s\4. (4.113)

There are three diagrams contributing to the first order corrections of the
coupling g between the squares of the two fields. The first diagram has two ¢
fields as internal lines. This term takes the form

dd+1q/

1
sWS[gl = — = x2x2(381)g Z Z tgikn i kot /f (2m)d+1

kikalils t1927172 X (4114)

(W (@02 (—a ) (W ()6 (—a) / ATt ¢ gl

The 1/2 comes from (1/2)52, and the two 2 factors come from the expansion in
52 and the number of contractions in (1) s (z) 15 (y)). We first sum over the
field indices,

n +2
ST Pt Flpn e gh2glz = T2 1y 7, 2, (4.115)

kikalilz ij
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Figure 4.14: One-loop diagrams contributing to the first order correction of g.
The solid lines represent the 1 fields, and the dashed lines represent the ¢ fields.
The external lines are slow modes, and the internal lines are fast modes.

and then substitute the Green’s functions,

Q ! 1
W S[g] = —2B19(n +2)2—d/dw/ dkkd—! o
™ p—1 (—2&1 +/€2+’Y1W)2 (4.116)
[ dtariw. o
Keeping only the leading order term,
Q
W S[g] = —2819(n1 + 2)27;112/ddrd7|¢8|2|¢8|2, (4.117)
one arrives at the result,
Qq

SSlg] = —2g(m + 91 -0 [dlrdrgPlef. @)

The internal lines of the second diagram are two ¢ fields. The corresponding
correction term is now

dd+1 /

1 q
6(2)5’[9} 2 X 2 X 2 3/82 Z Z 1j1k71l1 7,2]2]{:2[2 / W
kikalila i1i275172 (4119)

(O ()67 (a6} @) (-a) [ dirdrob ottt
The summation over field indices is similar to the first term,

% —|— 2
ST S Pt Fljpn ¢ db ezl = 221y %, 2. (4.120)

kikalile ij
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Thus the correction to the action is also similar,

1

Q
(2) - _9 9 J/ d—1 / d 2
57 Sg] Pag(nat2)o— | dw b,ldkk = 2a2%7k2 drdr|v,[?|ps ),
(4.121)
which is, to leading order in as,
Q
50Slg) = ~20ag(na + D30T [ dlrarl g, (1122
™
or
M”ﬂm:-a@mnr+mnwﬂa—b4q/d%mmgﬁwg? (4.123)

The third diagram has one ¢ internal line, and one %y internal line. The
correction takes the form

dd+1q/

1
3 _ 2
5( )S[g} - 5(49) Z Z zljlklll 12]2k2lg/f (271_)(1_;,_1

kykalyls i1izj152 (4.124)
W (@) (—a) (@) (@) (—a) / dirdry gt gl

With the summation

Z Z ik1jl1 zk2]l2¢k1¢llwk2¢l2 = |’¢S| |¢)S|2 (4125)
kikalily ij
we obtain
Q4 1 1
53 8[g] = —8g> =2 m/ dkk41 ——

2m p-1 —2a +k?+w _2a1+k2+%k2\1\2

[ dtari. o
(4.126)

Assuming both fields are near their critical points, the above equation is approx-
imately

Q
5OSlg] = ~sg* 11" [ drart. Pl (1.127)
with the new function I defined as
oo 1 1 1
ﬂ:/ dw dkk* ™ ——— (4.128)
oo p—1 k2 +w? |2 4 kz\i{Q

As mentioned before, here in our RG scheme, frequency is integrated over the
whole real axes. In the two propagators, frequency scales differently with mo-
mentum. For the v field, yiw ~ k*'; for the ¢ field, w ~ k. And a finite cut-off
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in frequency would lead to inconsistencies for such cases with miscellaneous dy-
namical exponents. Here the frequency integral gives

1 22,-2
1 1—
I"= [ dkk™ 8 1 k=t 4.129
/bfl VK2 + k2= T 7 o ( )
To leading order in (1 —b~!), we have
1
I" = 1-07")(2m1 + 7). 4.130
b Enh ) (1.130)

This leads to the third term in the correction to the g term

2 2y1lny 7

5@ - _
Slol = =8¢75 1++2

(1-bY) / drdripPlé.?,  (4131)

Now combining all the above results for the corrections of the different pa-
rameters, and carrying out the rescaling

r —r/b,

T —7/b, (4.132)
P —b D 2,

¢ —b17V2,

we obtain the RG equations

1 —=b* "ty

Q
—ay —b® |—ag + (n1 + 2)51#(1 — b H(In2 + 2a1) + n2gQar1 (1 — b~ H)(2+ 2042)] ;
1

Q0
—ay —b% | —ag + (n2 + 2)BoQay1 (1 — b7 (2 4 2az) + nlg#(l —b Y (In2 + 2a1)] ;
1

651

- b —(n1+ 8)51 p— L1171 — nag?Qpa (1 - bl)} )

Q
5 —b° *22 —mg? =L (1= b7Y) — (ng + 8)82Qu 1 (1 — bl)} ;
™1

Q
g =" |9 = 2819(m +2) (1= b7 = 28g(na +2) Qa2 (1= b7

Qg 2viIny +7 =
—8g2 A NN Ty,
o 1++2 ( )

(4.133)

the differential form of which has been presented in equations (4.50, 4.51).
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