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Non-Fermi liquid fixed point of the dissipative Yukawa-Sachdev-Ye-Kitaev model
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Using a functional renormalization group approach we derive the renormalization group (RG) flow of a
dissipative variant of the Yukawa-Sachdev-Ye-Kitaev model describing N fermions on a quantum dot, which
interact via a disorder-induced Yukawa coupling with M bosons. The inverse Euclidean propagator of the bosons
is assumed to exhibit a nonanalytic term proportional to the modulus of the Matsubara frequency. We show that,
to leading order in 1 /N and 1/M, the hierarchy of formally exact flow equations for the irreducible vertices of the
disorder-averaged model can be closed at the level of the two-point vertices. We find that the RG flow exhibits
a non-Fermi liquid fixed point characterized by a finite fermionic anomalous dimension 7, which is related to
the bosonic anomalous dimension y via the scaling law 2 = 2n + y with 0 < n < 1/2. We explicitly calculate
n and the critical exponents characterizing the linearized RG flow in the vicinity of the fixed point as functions

of N/M.
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I. INTRODUCTION

The Yukawa-Sachdev-Ye-Kitaev (YSYK) model describes
N fermions on a quantum dot, which are coupled to M
phonons via infinite-range random couplings [1-9]. Recently
this model has also attracted attention because it features
maximally chaotic behavior [7,10]. In the limit N — oo and
M — oo with N/M = O(1) (which we call for simplicity
large-N limit) the YSYK model exhibits a non-Fermi liquid
state, which can be studied in a controlled way. In this limit
the perturbative expansion of the fermionic and bosonic self-
energies is dominated by so-called melon diagrams, which
can be summed to all orders in perturbation theory by solving
coupled Dyson-Schwinger (DS) equations. Alternatively, the
DS equations can be derived from the large-N saddle point of
a suitably defined functional integral involving special bilocal
composite fields [1,11,12]. From the numerical solution of the
DS equations for the YSYK model Pan ez al. [S] have shown
that the model exhibits for vanishing chemical potential u
a non-Fermi liquid phase where the fermionic and bosonic
self-energies display power-law behavior characterized by
exponents, which depend on the ratio N/M. Moreover, the
power-law behavior of the self-energies persists even for finite
values of u, a phenomenon, which has been called self-tuned
criticality [5]. The leading power-law behavior in the non-
Fermi liquid phase has also been extracted analytically by
self-consistently solving the DS equation at low energies [6].
However, the physical reason for the self-tuned criticality of
the non-Fermi liquid phase of the YSYK model has not been
identified.

From the point of view of the renormalization group (RG)
the phenomenon of self-tuned criticality has a simple expla-
nation: the critical state must be associated with a fixed point
with only attractive directions. Such a fixed point is called
a sink [13-15] and describes a stable phase of matter. In
fact, the non-Fermi liquid phase of the Sachdev-Ye-Kitaev
model with complex fermions has recently been shown to be
associated with such a sink [15]. Unfortunately, we have not
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been able to obtain sensible results for the critical behavior of
the YSYK model using a straightforward generalization of the
functional renormalization group (FRG) approach developed
in our previous paper [15] for the SYK model. The reason
for this failure of the standard FRG approach are not entirely
clear to us at this point; possible explanations are the failure
of the low-energy expansion or subtleties associated with the
proper regulator choice in coupled Fermi-Bose systems with
two types of frequency scaling [16]. It turns out, however, that
these technical complications do not arise for the dissipative
variant of the YSYK model where the frequency dependence
of the inverse boson propagator is proportional to the modulus
|2] of the bosonic Matsubara frequency. In this paper we will
therefore focus on this dissipative YSYK model and use a
generalization of the FRG approach developed in Ref. [15]
to investigate the RG flow of this model. Our motivation
for studying this model is not solely technical, because the
dissipative YSYK model can be viewed as a toy model for
understanding the behavior of strongly correlated fermions
that are coupled to bosons with dissipative dynamics.

We define the dissipative YSYK model via the following
Euclidean action,

1 B
S=5t =Y en ) [ dranme@n,

ijk o
(1.1)
where B is the inverse temperature, ¢ (7) is a real bosonic
field depending on a flavor index k and imaginary time t,
¢io (1) and ¢;; (t) are Grassmann variables representing elec-
trons of type i with spin projection o, and the quadratic part
of the action is in frequency space given by
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Here A defines the bare energy scale of the bosons, @ and
2 are fermionic and bosonic Matsubara frequencies, and the
Fourier components of the fields are defined by

B , B )
Cire = / dte e (t), e = / dte® ¢ (o). (13)
0 0

The Yukawa couplings g;jx in Eq. (1.1) are independent Gaus-
sian random variables with vanishing average and constant
variance. In general the couplings g;jx = & + ig];; are com-
plex. The Hermiticity of the Hamiltonian implies that the
real and imaginary parts have the symmetries g’ = g, i and

; j =g - A finite imaginary part gl ;i is a manifestation of
broken time-reversal symmetry [6]. The second moments of
the couplings are assumed to be of the form [6]

(g;'jkg/i’j’k’> =g (88 =+ 8ij8i )k s (1.4a)
(&80 ) = &5 (8irjj0 — 8i 8 )i (1.4b)
(g8 jw) =0, (1.4¢)

where (...) denotes averaging over the Gaussian probability
distribution of the random couplings. The nonanalytic ||
dependence in the bosonic part of S, describes dissipative
bosonic dynamics due to the coupling to some other degrees
of freedom that do not explicitly appear in the above action.
Note that the usual YSYK model can be obtained by replacing
|Q| — Q% inEq. (1.2).

The rest of this paper is organized as follows. In Sec. II
we derive FRG flow equations for the irreducible vertices of
the disorder-averaged YSYK model and develop a truncation
of the hierarchy of FRG flow equations, which becomes exact
for N - oo and M — oo. The resulting flow equations are
not precisely equivalent to the DS equations [1-9] for the
YSYK model. However, the DS equations can be recov-
ered if we modify our flow equations using the so-called
Katanin substitution [17]. In Sec. III we simplify our FRG
flow equations for the irreducible self-energies using a stan-
dard low-energy expansion, which reduces our functional flow
equations to a system of ordinary differential equations for
five scale-dependent couplings associated with the chemical
potential, the boson gap, and three types of wave-function
renormalization factors. In Sec. IV we show that our flow
equations have a nontrivial non-Fermi liquid fixed point. We

J

derive the linearized RG flow in the vicinity of this fixed point
and show that it has only one repulsive direction correspond-
ing to a linear combination of the rescaled chemical potential
and a parameter describing the spectral asymmetry. All other
couplings are irrelevant at this fixed point, so that fine-tuning
of the bosonic energy scale A in Eq. (1.2) is not necessary
to realize the non-Fermi liquid phase. Finally, in Sec. V we
present our conclusions.

II. LARGE-N TRUNCATION
OF THE EXACT RG FLOW EQUATIONS

To calculate the disorder average of the grand canonical
potential and of the correlation functions of our model we
should use the replica trick [1]. Note that for the SYK model
with Majorana fermions replica-nonsymmetric large-N saddle
points with energies lower than the replica-symmetric saddle
point have been found [18]. Whether this happens also for the
YSYK model has not been thoroughly investigated. Here we
assume that the replica symmetry is not broken, so that we
can simply average the partition function and treat the g, x as
additional complex fields, which should be integrated over.
The average partition function can be written as

= / Dlc, ¢, ple™>

= T o J§ deéio@esp @by (91

X (e

Since the probability distribution of the g is Gaussian,
the averaging in Eq. (2.1) generates the usual Debye-Waller
factor,

= / Dlc, &, ple 5> ~5%, (2.2)

where the interaction Sg involves six powers of the fields,

ZNMZ Z gljkgljk Z/ dT/ dt’'

ijk i'jk
X Cig (T)Cjo (TP (T)Ci0 (T e jro (TP (7). (2.3)

Using our assumptions (1.4) for the second moments we
obtain
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In frequency space this interaction can be written as

1
Se = “ONMBS DX D DD Bluprapentan st Bdugont@nSi ko

ot ! / /
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where we have introduced the abbreviations 1 = (n1, o1, w1), 1" = (n}, o{, w}) etc. for the fermionic labels. A graphical
representation of the nonsymmetrized interaction vertices in Eq. (2.6) is shown in Fig. 1. For the derivation of formally exact
FRG flow equations it is convenient to work with vertices, which are antisymmetric with respect to permutation of the outgoing
and the incoming fermion labels, and symmetric with respect to permutation of the boson labels. Therefore we write the bare
interaction Sg in the symmetrized form

1 ccee / = =
DD DT DD Blurapenroraisan Ty (1, 252, 1k Q1L ko Q0)er ey caci i 2, P

© (21)3NMpBe
( ) 'B n\nhnany 0{6,0,01 @\ wywwy kiky Q12

(2.5)

Se

2.6)

where the mixed six-point vertex Fg&""’"/’(l/, 252, 1, k121, k22,) is antisymmetric with respect to the exchange 1’ <> 2’ and
1 < 2, and symmetric with respect to the exchange k; 2| <> k>$2,. Explicitly, the bare value of the properly symmetrized mixed
six-point vertex is

cceepp 1 1o [N .
Iy (n 01w}, Ny05wy; 02w, N1o1W1; k121, k2€22)

B
= _5k1k2 5 {(821 + g%)[gn’lng Sn’zm 861’61 802’62 (8(1)/] L0+ + (Sa)/z,prQZ) - Sn/znz Sn/lm 8(72’61 Bal’az (3(1)/2,@] +Q + Sw’l L+ )]

+ (82 = )88 [80101 8010, Bt an 420+ B n422) — St St B v + ur amt)] (1 & ). 27
For later reference let us also calculate the site-averaged mixed six-point vertex
N M
L (o)), o3w); 020, o101 Q1 Qo) = ﬁ Y DT mofo). mojwymorws, morwr k1 kQ2). (2.8)

nimp=1 k=1

Actually, for our purpose we only need this vertex in the limit of large N and M where only the terms involving &, n 8y, , In
Eq. (2.7) contribute,

(2.9)

) e

FSE“W(U{wi, 03wy a0, 01013, ) = — (g + g%)&;zza, 8of,0 (Bapn+21 8o nres) + (1 © Q) + OI/N).

(

To derive formally exact FRG flow equations for the ir-
reducible vertices of the model defined by the bare action
S> + Se in Egs. (1.2) and (2.6) we add frequency-dependent

regulators R, (w) and R‘f\(Q) to the quadratic part of the
action, where the cutoff-parameter A should be chosen such
that the regulators vanish for A = 0 and diverge for A — oo.
At this point it is not necessary to specify the regulators. The
modified quadratic part of the Euclidean action is then

Q a Q b 1 - _
]i . ( ) kl ( ) S2,A = _E Z Goyi\(w)cnaa)cnaw
o, ‘—2—‘1 <o, o <—2—‘1 ' o, i 1 1
; E 5’ 2 +35 > oA diatia, (2.10)
: : ke
;i . j , ) . i . . .
@, l*—g—‘J ®, , 4—?—1 ®, K K» where we have introduced the regularized inverse propagators
Q Q
k k P Gyl (@) = iw+ u — Ry (o), .11)
Q, Q, )
FOTI{(Q) =|Q|+ A +Rﬁ(§2). (2.12)

FIG. 1. (a) Graphical representation of the bare interaction ver-
tices in the bare action S¢ given in Eq. (2.6). Outgoing arrows
represent C;,,,, inCOMing arrows represent c;,,,, wavy external lines
represent ¢q, the red-dashed line represents the bare interaction
vertex g2 — g while the blue-dashed line represents g2 + g3. Note
that on both ends of the dashed lines the frequencies are separately
conserved. (b) Graphical representation of the (anti)symmetrized
bare interaction vertex I *? (17,22, 1; k1R, k2©2,) in Eq. (2.6).

To obtain the flow equation for the generating functional of
the irreducible vertices of the YSYK model for finite N and
M we introduce the cutoff-dependent generating functional of
the connected imaginary time correlation functions,

[ Dlé, c, Ple= 528 =S+ OHEN+ )

ALl
[ DI, c, ple=5a

. (2.13)
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where o0 and juo. are independent Grassmann sources, Jiyq
is a bosonic source, and we have introduced the notations

- 1 -
G+ @@=y Y lnowCnow + Crovinonl,  (2.14)
now 1
. ¢) =2 Y Jiaha. (2.15)
ﬂ k2

The generating functional of the irreducible vertices (average
effective action) can now be defined via the subtracted Legen-
dre transform

Lal{¢), (), (9)]
= (j, (e + (@), )+ (. (@) — GalJ, j. ]
1

ﬂ Z R ((1))<Enow) (Cmnu>

now

1 ¢ *
~ 25 2 RA@ i) i), 2.16)

where on the right-hand side the sources j and j should be
expressed in terms of the source-dependent expectation values
(€), (c), and (¢) by inverting the relations

(Chow) = M7 (2173)
S Jnow
(Chow) = —(SQA[]—JJ] (2.17b)
8.]7!0'([)
YNV
(o) = — T (2.17¢)

(a)

*.
I
+
N[~

®
1

\-’\.\f\ = + ?
(U (U
FIG. 2. Graphical representation of the exact FRG flow equa-
tions for the irreducible two-point vertices: (a) flow equation (2.22)
of the fermionic self-energy; (b) flow equation (2.23) of the bosonic
self-energy. The dot above the vertices on the left-hand side repre-
sents the scale derivative 9, . Outgoing arrows represent external legs
associated with ¢ while incoming arrows represent c. The external
wavy lines correspond to ¢. Slashed lines with arrows represent the
fermion single-scale propagator G, (w), while slashed wavy lines
represent the boson single-scale propagator F, (2). The blue symbols

represent three different types of four-point vertices distinguished by
the externals legs.

The functional T's[(C), {(c), (¢)] satisfies the usual Wet-
terich equation [19-22] for systems involving both bosonic
and fermionic fields [14]. For notational simplicity we will
now rename (¢) — ¢, {(¢) — c and (¢) — ¢, i.e., the symbols
¢, ¢, and ¢ now denote the expectation values of the corre-
sponding quantum fields in the presence of sources. For finite
N and M the first few terms in the vertex expansion of the
functional ', [¢, ¢, ¢] then have the following structure,

1 / 1 /
Tal e, ¢l =B+ = Y [ = bw i + 1) + B3 (@)|enowtion + 28 Y [0+ A) + TR ) 7 o dra

n'now

1
TGN

- /ot ;o
nlnznznl 01(72626] w]wzwzwl
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1
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kikoksks 21...Q4

1 cc -
+W Z Z Z ﬂSw’,w+Ql+QZFA¢¢(n/aw/;naa);klQlkZQZ)Cn’aw’Cnaw¢k191(;bszz

n'nkiky, o @022

1
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Z Z Z Z Z ,35w’,+wg.w2+w,+nl+92Fffccw(l/, 252, 13k, k222)

n\nhnon 0{0}0,01 @)W wy kiky 1€

) (2.18)

where in the arguments of the fermionic four-point vertex and in the six-point vertex we have abbreviated njo;w; — 1 and
similarly for the other fermionic labels, and we have omitted other six-point vertices involving different field combinations as

well as vertices involving more than six fields.

Using the general flow equations generated by the vertex expansion of the Wetterich equation given in Ref. [14], we may now
write down formally exact flow equations for vertices in the above expansion for finite N and M. The scale-dependent grand
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canonical potential satisfies the exact flow equation

1 1
IS = 3 2GR @0RA@) + 75 3 FH @A), 2.19)
k2

where G%'(w) and F{*(2) are the diagonal elements of the scale-dependent propagator matrices whose inverse is given by the
following matrices in the flavor indices,

now

(G @)]" = 8unlior + i — R (@)] - Z5" (@), (2.20)
[Frl @] = sulll + A +RE(@)] + M (). @21)

The irreducible fermionic self-energy ZZ”' (w) satisfies the exact flow equation

1 1 - . _
aAEm’l (w) IB Z Z Gmm ((,() )FCCCC(I’ZO'(,U mo (,() m (e 0) n Ja)) + — ZMﬂ Z Zka (Q)Fj\i‘(f)(ﬁ(no,w’ n,O'(,();kQ, k/Q),

mm' o' kk'  Q
(2.22)
while the scale-dependent bosonic self-energy satisfies
0aTI () = Zzwe (@) (o win'ow; kL K'Q) + M ZZF” @0 IR kQKR). (2.23)
where we have introduced the abbreviation @ = — and G’X’,(a)) and F 1’\"‘ (2) are the fermionic and bosonic single-scale

propagators [14]. Graphical representations of the flow equations (2.22) and (2.23) are shown in Fig. 2. The right-hand sides
of these flow equations depend on three different types of four-point vertices, which in turn satisfy flow equations involving
not only four-point vertices but also various types of six-point vertices. For example, the exact flow equation for the fermionic
four-point vertex is

. 1 ., o
cecee ’ ’ / / ’ /o, nn “ccecece ’ / . ’
A (nojw], Ny0,05; haorw), N101®]) = N_,B E E G\ ()yc1’, 2, now;n'ow, 2, 1)

kk' cceeopd /
2MﬂZZF (QT?(17, 252, 1,402, K'Q)
kk'
+ L1, 2532, 1)+ LR (1,232, 1) + L35I, 252, 1), (2.24)

where on the right-hand side we have used again the abbreviation 1 = (nj07w), and in the last line we have introduced three
different loop contributions,

L(1,252,1) = N2,3 Z Z Z Z G ()G (w1 + wy — )TN, 20’ w) 4 w3 — 0, mow)

nn' mm' oo’ w

x T¢mow, n'o’'w + w, — w;2, 1), (2.25)

LP,252,1) = N2,B D3 G (@G (@ + @1 — o) + G (@GR (0 + o) — o))]

m’l mm O'U w
x T, m'o’w + o) — ofsnow, DITCQ  now;mo’w + o) — o, 2) — {(mo1w) < (mow))},

(2.26)

L(1,252,1) = — Mzﬂ Y N @F! Q@+ o — o)

KO Q
ccpd 17, 1. S / ccopd int . 1./ 7/ ’
x Ty (A5 1, k2,1Q — o + 0D "7 (252, 60Q2, 1'Q — wy + wy) + {(nio1w1) < (n200w2)}.
2.27)

(

A graphical representation of the exact flow equation (2.24) Obviously, for finite N and M the FRG vertex expansion
for the fermionic four-point vertex is shown in Fig. 3. The  generates an infinite hierarchy of flow equations.

six-point vertices on the right-hand side of Eq. (2.24) satisfy The crucial point is now that in the limit N — coand M —
flow equations involving various types of eight-point vertices. oo the system of flow equations can be closed to leading order
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in 1/N and 1/M where we can retain only the contributions
to the flow equations, which have finite limits for N — oo
and M — oo. The self-energies are then diagonal in the site
indices,

IR (@) = 8y Za (@) + O(1/N), (2.28)

M5 (Q) = 8 TTA(R) + O(1/N), (2.29)

where the symbol O(1/N) represents also terms of order
1/M because we assume that the ratio N/M is of order

J

unity. The leading large-N limit of the four-point vertices
is more complicated. Consider first the fermionic four-point
vertex l"““(n oW, N50,w; My00w;, now;). We obtain a
consistent large-N truncation of the hierarchy of FRG flow
equations if we assume that the leading components of the
fermionic four-point vertex are constrained by the condition
that site labels n} and n) of the two outgoing fermions agree
with the site labels n; and n, of the two incoming fermions
up to a permutation. Taking into account the antisymmetry
of T'§*e(1’, 252, 1) with respect to the exchange 1’ <> 2’ and
1 < 2, this implies

cceef ! AN AN _ ccee PN AN
[y (n0y07, 15050, 1202W2, 110101) = 8y, Sy Iy (0100), 055 0202, 0101)

— Sy S, T (0305, 003 020, 0y 01) + O(1/N),

where

ccee . ccee NG AR
Iy (ala)1 , aza)z, O, O1W]) = th 'y “(now), o,w,; 0wy, oy ).
—00

(2.30)

(2.31)

Note that to leading order in 1/N the fermionic four-point vertex gives the following contribution to the vertex expansion of the

average effective action defined in Eq. (2.18),

(2'>2N .

n]n2n2n1 01020'70'1 wlwzwzwl

N
TPy

’ot
01020201 wlwzwzwl

where we have introduced the site-averaged composite field

Yorwow = Z Cno'w/ Cnow-
This field resembles the collectlve Hubbard-Stratonovich field
introduced in the path integral derivation of the Dyson-
Schwinger equations from the large-N saddle point [1,11,12].
However, in Eq. (2.33) the symbols ¢,y and ¢,y represent
the source-dependent expectation values of the corresponding
Grassmann fields, so that the above ¥, s, cannot be iden-
tified with the Hubbard-Stratonovich field introduced in the
path integral approach.

To solve our flow equations for the two-point vertices for
large N we also need the leading large-N limit of the mixed
four-point vertex,

Ff\cw(n/aw/; now; ki, krQ2)

= S P (0w 0w; 21, Q) + O(1/N),  (2.34)

where

Fia/"b(aa)/;aa); Q, ) = Nlim Ff\“p"”(naw/;now; k1, k).
—00

(2.35)

Finally, the purely bosonic four-point vertex has for large N
the form

L% (k1 Q1 koS, k323, kaS24)
= 8k1k28k3k4r¢¢¢¢(91, Q, Q3, Q4)
+ 51<,k35k2k4 P(Q, 3, 2, )

+ Stk Braks D272 (1, Q4 2, 23) + O(1/N),  (2.36)

§ : § : § : écee /.
/350) +w2 (1)2+Cl)lr (1 2 2 1)Cn’a a), nzdz’w’zcnzongcmalwl

Z Bl 'ty wr oy Fu“ (0-16017 02(1)2, 0w, 0101 )Wy (w10 lp(rzwz(rzwp (2.32)
[
with
(2.33) r9%%(Qy, 2, Q3, Q)
= lim U9 (ky Q21, ki Q, ka3, kaQ24). (2.37)
—00

It turns out that the bosonic four-point vertex does not con-
tribute to the flow of the two-point vertices to leading order in
1/N because this vertex vanishes in the bare action and is not
generated by the FRG flow to this order.

It is now easy to see that the loop contributions L%, L7,
and LR"S defined in Egs. (2.25)—(2.27) do not contribute to the
flow of the fermionic four-point vertex to leading order in 1/N
[23]. Consider first the particle-particle loop LY (17,2;2, 1) in
Eq. (2.25) for the relevant index combinations n} = ny, n), =
ny or ny = ny, n, = n;. Keeping in mind that for large N the
propagators are diagonal in the flavor indices, we see that the
flavor sums in Eq. (2.25) collapses to 2 = O(1) terms, so that
LPP(1,2;2, 1) = O(1/N?). Moreover, in Lph(l’ 2/;2,1) and

{’\"5(1’ 2’52, 1) only one of the flavor sums collapses, so that
these contributions are of order 1/N. By the same argument,
the leading large-N contribution in the FRG flow equations for
any n-point vertex is given by the term where two legs of the
(n + 2)-point vertex are joined by a single propagator line.
In the flow equations for the four-point vertices, we therefore
have to consider only the contributions from the six-point ver-
tices. Given the fact that the bare action S¢ given in Eq. (2.6)
depends only on the mixed six-point vertex ['y*“*? with initial
value given in Eq. (2.7), to leading order in 1 /N we can ne-
glect the FRG flow of all other six-point vertices. If we insert
this initial value on the right-hand side of the flow equation

155101-6
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2 2 2 1
+ X — X
r — | 2 — |
2 —< 2 - 2
B +
ik —< | 2 1

FIG. 3. Graphical representation of the exact FRG flow equa-
tion (2.24) for the fermionic four-point vertex. The gray square
represents the fermionic six-point vertex, while the gray triangle
represents the mixed six-point vertex with four fermionic and two
bosonic external legs. The internal lines with arrows represent the
exact scale-dependent fermion propagator G, (w), whereas wavy
internal lines represent the boson propagator F, (€2). The cross inside
the loops means that one should sum up two diagrams where either
the right or the left propagator forming the loop is replaced by the
corresponding single-scale propagator. The rest of the symbols is
defined in the caption of Fig. 2.

(2.24), we see that only the site-average of the six-point vertex
given in Eq. (2.9) contributes. Moreover, following the analy-
sis of the diagrams in the flow equation for the fermionic four-
point vertex presented in the paragraph after Eq. (2.24), and
using the fact that the bare action does not contain any eight-
point vertices, we see that to leading order in 1/N the mixed
six-point vertex is not renormalized. We thus arrive at the
following large-N truncation of the formally exact FRG flow
equations for the YSYK model: The flow of the site-diagonal
two-point vertices is related to the large-N limits of four-point
vertices defined in Eqgs. (2.31) and (2.35) as follows,

1 . _
INTa(w) = 5 Z GA(@ T (0w, 0’000, ow)

1 . )
+ 7 Y EAQI {7 (cwiow; -, Q),
Q

(2.38)

N —
WA = 37 Zw Ga)M (0wi 0w —Q, Q).
(2.39)

where the single-scale propagators are

Ga(®) = =G (0)dr Gy (0) = GR (0)0aRA(0),  (2.40)
FA(Q) = —FH Q) Fy A (Q) = —F(Q)AR,(Q), (2.41)

and the scale-dependent propagators are related to the corre-
sponding self-energies via the regularized Dyson equations

1
G = G @) — Tate)
= _ ! , (2.42)
io+ pu — Ry(w) — Zp(w)
1
FA(Q2) =
N S CCIERTING)
! (2.43)

QI+ A+RY(Q) +TIA(RQ)

The four-point vertices on the right-hand side of the flow
equations (2.38) and (2.39) for the two-point vertices satisfy

ccee N /AN
AN “ (0w, 0305 027, 0101)

1 .
- Fo(Q Fcccc¢¢
2/3; AT

X (010}, 030h; 0rw, o101 —K2, ), (2.44)
and
ccopp I[N .
I (0'ws0m;Q1, Q2)
1 - cecec
=5 > Galw)rg
o1y
x (0w, o1w1; 0101, ow; R, ), (2.45)

where the large-N limit of the initial value of the site-averaged
mixed six-point vertex FSECCM(. ..) is given in Eq. (2.9). A
graphical representation of the above large-N truncation of
the FRG flow equations is shown in Fig. 4. Substituting our
explicit expression (2.9) for the initial value of the site aver-
aged six-point vertex into Eqs. (2.44) and (2.45), we see that
the fermionic four-point vertex in the flow equation (2.38) is
spin-diagonal while the mixed four-point vertex in Eq. (2.39)
is actually independent of the spin label o so that we can write

I (ow,o'w;0'w, 0w) = 8,0 T (w, @'; 0, w), (2.46)

ry (w00 —Q, Q) =" (@;0;—Q, Q). (247)

With this notation the flow equations (2.38, 2.39) for the
self-energies can be written as

WTa@) = 7 Y GA@T{ (@, 00, )

[}

1 . ]
+ T ZFA(Q)FCACW(w;w; —Q,Q), (248)
Q
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- @
.-

s
W %

(

FIG. 4. Graphical representation of our large-N truncation of
the hierarchy of FRG flow equations for the YSYK model.
(a) Fermionic self-energy, Eq. (2.38); (b) bosonic self-energy,
Eq. (2.39); (c) fermionic four-point vertex, Eq. (2.44); and (d) mixed
four-point vertex, Eq. (2.45). The empty triangle represents the
large-N limit of the symmetrized bare six-point vertex given in
Eq. (2.9).

INTIA(Q) = % Y Ga @ (00—, Q). (2.49)

while the flow of the scale-dependent four-point vertices is

ALY (0, 00, @) = gFr(0 — o), (2.50)

T (005 —Q, Q) = Z[Ga(0 + Q) + Ga(w — Q)].
@2.51)
Here

£=g+8 (2.52)

is the relevant bare coupling and we have introduced the
parameter

_(25+1DN 2N

P=""u T m

where 25 4 1 = 2 is the spin degeneracy for spin § = 1/2.
The four coupled flow equations (2.48)—(2.51) uniquely

determine the scale-dependent fermionic and bosonic self-

energies and the two relevant interaction vertices. We

, (2.53)

emphasize that Eqs. (2.48)—(2.51) have been obtained from
the formally exact hierarchy of flow equations for the irre-
ducible vertices of the YSYK model by retaining all terms,
which have a finite limit for N — oo and M — oo.

We now show that our FRG flow equations (2.48)—(2.51)
can be reduced to the usual DS equations for the self-
energies of the YSYK model if we use the so-called Katanin
substitution [17] to replace the single-scale propagators on
the right-hand sides by the total scale derivatives of the
propagators,

GA(@) = 3AGa(@) = GA(@) + G (@)daTr (@), (2.54)

FA(Q) = 02AFA(RQ) = FA(Q) — FR(Q)0,TIA(R).  (2.55)

With this substitution the right-hand sides of the flow equa-
tions (2.50) and (2.51) become total A derivatives so that we
may trivially integrate both sides over the flow parameter A.
Taking into account that for Ag — oo the regularized propa-
gators vanish we obtain

I (w, 0'; 0, w) = g Fx(0 — ), (2.56)
and
Ff\c""”(a);a}; —Q,Q) = £[Gr(w + Q) + Gp(w — Q)].
(2.57)

Substituting these equations into the flow equations (2.38) and
(2.39) for the two-point functions we obtain

JONOE gg S EA(Q)GA (@ — Q)+ FA ()G (@ — Q)1,
Q
(2.58)

IWTIA(R) = p‘% Y [Ga(@)Gr(w — Q)

w

+ Ga(@)Ga (0 — Q)]. (2.59)

Using once more the Katanin substitution (2.54) and (2.55) to
transform the right-hand side of the above equations into total
A derivatives and integrating both sides over A we obtain for
A — 0 the DS equations for the YSYK model [1,6],

2
T(w) = % Y F(Q)G(o - Q). (2.60)
Q

Q) = pgg Z G(w)G(w — Q). (2.61)

We conclude that our large-N truncation of the FRG flow
equations in combination with the Katanin substitution is
equivalent to the DS equations obtained from the large-N
saddle point of a suitably defined functional integral repre-
sentation of the YSYK model. Note that without the Katanin
substitution our large-N FRG flow equations are not equiva-
lent to the DS equations (2.60) and (2.61) because the Katanin
substitution in Egs. (2.54) and (2.55) resums higher orders in
the coupling g>. However, for the SYK model we have shown
in Ref. [15] that the Katanin substitution does not modify the
value of the fermionic anomalous dimension. Whether this
is also true for the YSYK model is an interesting question
beyond the scope of this paper.
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III. LOW-ENERGY EXPANSION

Our aim is to determine possible fixed points of the system
of FRG flow equations given in Egs. (2.48)—(2.51) at zero
temperature, 87! = 0. As usual, we anticipate that the fixed
points are determined by the leading low-energy behavior of
the vertices, so that for our purpose it is sufficient to expand
the irreducible self-energies to linear order in the frequencies.
Taking the possibility of dissipative terms proportional to ||
and |€2| into account, the expansion is of the form

Ta(w) = ZA(0) —Ap|w| — (Ba — Dio + O(?), (3.1)

MA(R) = MA0) + (¥ = DRI+ O(Q), (3.2)

where A,, By, and Y, are dimensionless. The coupling A,
parametrizes the asymmetry in the fermion spectral function,
which is expected to emerge for finite values of the chemical
potential w [3]. The usual fermionic wave-function renormal-
ization factor Z, is then given by

1

VAL + B3

which defines the scale-dependent fermionic anomalous di-
mension via

Zy = (3.3)

_ AdZa

A (3.4)

LN
Using for simplicity a sharp frequency regulator, the low-
energy form of the scale-dependent fermionic propagator and
the corresponding single-scale propagator can then be written
as [24]
ZxO(o| — A)

Grlw) = , 3.5a
al@) aplo| +ibyw + pa ( )
. ZAS — A
Gr) = —— 2= D) g
ap A\ + iby Asgnow +
where
Ap
apn = ZAAA =, (363)
VA% + B
By
by =Zp\Bp = ———, (3.6b)
VAL + B3
and
ma =Zaluw — Za0)]. 3.7

Note that by construction @ + b4 = 1. Similarly, using also
a sharp frequency cutoff for the bosons, the bosonic propaga-
tor and the corresponding single-scale propagator are at low
energies given by

YA0(2| — A)
FA(Q) = ———— .
A (R2) QA+ (3.8a)
. _ (el - A)
FA(R2) = AT o (3.8b)
where
ra = YA[A + TTA(0)]. (3.9)

The logarithmic scale dependence of the bosonic
wave-function renormalization factor Y, defines the
scale-dependent bosonic anomalous dimension
AOpYA
YA = . (3.10)
Ya

For later convenience we introduce the dimensionless
coupling

zZing
= , 3.11
W= (3.11)
which by definition satisfies the flow equation
Oup = (2 =2m — yuy, (3.12)

where [ = In(Ag/A) is the logarithmic flow parameter and
d; = —Ad,. From now on all quantities will be considered to
be functions of / instead of A; in the case of dimensionless
quantities we simply rename n — 15, Yo — Vi, A —> a;
and by — b;, while the dimensionful couplings u, and ra
are divided by A to obtain the corresponding dimensionless
rescaled couplings,

Ha _ Zalp — ZA0)]

= 3.13
M= x ) (3.13)
YA[A 4+ T1
"= ra _ M (3.14)
A A

To find the fixed points of the renormalization group, we
introduce the dimensionless rescaled self-energies

$1(@) = w (3.15)
e = BIGD g

which depend on the dimensionless frequencies ® = w/A and
Q = Q/A. Using the flow equations (2.48) and (2.49) for
the dimensionful self-energies we find that the corresponding
dimensionless rescaled quantities satisfy

H(@) = (1 — n — D) S1(@) + (@), (3.17)
WI(Q) = (1 — y — QA (Q) + 1, (RQ),  (3.18)
where
2(@) = — ZadaZa(w)
da' . O
- f—‘“G,((b’)r;“f(a), W@, o)
27
1 (dQ s o oo o
+1 / O E @ (@, o, . ). (3.19)
2 27
[1;(Q) = — YA, TTA(RQ)
dw = . - o~
:pf 2_‘”0,(5))1“;‘“’¢(5), @;—2,Q).  (320)
T
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Here we have introduced the dimensionless rescaled four-
point vertices,

- Z; e
(@ &30, &) = —2T{"(Ad, A A&, A®), (3.21)
(3.22)

J

L7 (@), @) . 1) = (1 — 2y — @) 0

u, 2 L
+n5’[Fz(cm — @)+ F(@n — @),
311:‘,&@(5)1, Q1. Q) = (1= — y1 — @10,

uy =~ ~ < ~ 2 ~ 2 ~
+ JTEI[GI(@I + Q1) + Gi(@ + 1) + Gi(@1 + 22) + Gi(@r + 22)].

~/ ~ ~ a8
— a)za,;,rz — (1)28(;,2 — a)la,;,l )Fl

and the dimensionless single-scale propagators,
L A? . s(|&] — 1)

Gi(®) = ——Gr(Aw) = . ;

Z a; + ibjsgnw + w;

L A? . (192 = 1)
F(®) = —Y—FA(ACU) ~ T
A

From the flow equations (2.50) and (2.51) we obtain for the
flow of the rescaled four-point vertices

(3.23)

(3.24)

e (@, @by @, @)

(3.25)

— @20, — g, — da VT (@1, @23 Q1. C2)

(3.26)

These linear first-order partial differential equations can be solved analytically [14]. For the external frequencies needed in

Egs. (3.19) and (3.20) we obtain

l
AR 4 _ AR —] ~ —] ~ —] ~ —] ~ ! — = — ~ ~
feecc@, @@, @) = el TI2OTEC (o la e d e ’w)+n/ dreli 47020y, B (e (@ — @), (3.27)

0

~= ~ o~ 1 ~=
[P (@@, 2, Q) = h T8 (s el iy —e 72, 7 2)

I . .
b [ dnell (G e @ - @)+ G @+ D)L (3.28)
0
After substituting these expressions into Egs. (3.19) and (3.20) and performing the frequency integrations we obtain
. 1! T2 P51 — @ — 1) 8|1 + @] — 1
£1@)= 5 [ dnu (X2 e =D
2 Jo 1 +7r fiy + ib i —ib
JL dt(l—nc—y2) Ste 'l —al — 1 Ste 11+ ol — 1
Lo [~ (e .I o )~ _ (e 'I + ol )~] 7 (3.29)
L+n By —ibiysgn(1 — @)~ fiy— + ibj_sgn(l + @)
1 = = » -
s 8 1-Q|—1 3 1+Q|—1
I,(Q) = p/ druz_,ef/rd’“"f%)Re[ G E L G L R ]
0 (u + b)) (- + ibi—rsgn(1 — ) (fu + ib) (i + ibj—rsgn(l + €2))
(3.30)
where we have introduced the shifted rescaled chemical potential,
=+ a. (3.3D)
Assuming |@| < 1 and || < 1 and using the fact that in this case the § functions can be written as
S |1 £a| — 1) =8t —In(1 £ &)), (3.32)
we can now carry out the ¢ integrations. Defining L; = In(1 4 |®|) and assuming / > L; and [ > Lg we finally obtain
Sy, dr(1=2n0) Sl dr(i=ne=yo)
. u_p, e’lto e’ to
(@) = = S— + . : (3.33)
2 | A+ r-)(u —ibsgnw) (1 +r)(fy-r, + ibj—1,sgnw)
C Sl dr—ne—ye) 1
I1;(2) = puj_p e’ ' Re[ — - — - . (3.34)
ko (fut + b)) 1 + ibi-1,)
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The flow equations for w; and r; can now be obtained
from Eqgs. (3.33) and (3.34) by setting the external frequencies
equal to zero,

dp = (1 —n)p — 2(0)

122]
=0 - —wyp———5——<, (3.35)
(1+r) (B + 22)
dry = (1 —y)r + I1,(0)
2 ﬁZ
= (1 —y)r — py———1 (3.36)

2, ~2\2
(67 + A7)
To determine the scale-dependent anomalous dimensions 1;

and y; we need the linear terms in the expansions of 2,(&))
and IT;(€2),

(@) = 21(0) — ai|@| — Brid + O(@?), (3.37)
I,(R2) = T(0) + 11 1Q] + OQ). (3.38)
The fermionic anomalous dimension is then given by
m = aoq +bipy, (3.39)
where a; and b; satisfy
o = —ma; +ay, (3.40)
abr = —mib; + By, (3.41)

with

o = ——t i [2 —m =Y - o j|
2L+ m) | (b7 + i2) 1+7
4 (b7 — i) — fud,b?
0 + i)’

(3.42)

g = u b |: i :|
T2+ |G T T T

(b} — ) ouby + bidy i }
oF + )’

(3.43)

Finally, the bosonic anomalous dimension is

1 — 2 ~2
Y= puz|:( 7721)(bi2 2M1)
(bz +,u,)

9, (i + iby)
(fu; + iby)3

}. (3.44)

IV. NON-FERMI LIQUID FIXED POINT

To find possible fixed points of the above system of dif-
ferential equations, we note that the flow equation (3.12) for
the coupling u; implies that at a nontrivial fixed point with
lim; o0 4 = uy # 0 the fermionic and bosonic anomalous
dimensions must satisfy the scaling relation

Ve =2 — 21, A.1)

Using this to eliminate y, in favor of 1, we find that the
fixed point values (i, 7y, d, by, N, and u, of the six scale-
dependent parameters u,, r;, a;, by, n;, and u; are constrained

by the following six equations,
(s + a)

e = 0 + (o + @l @20
21+ — Dry = pu, [bbf; ((::I 5* *))22]2’ (4.2b)
T Z)u[b(zu+ J(rual a)?]’ 420

b =0 I(’3)n[b2_+2)(1:/~b+ a2l (4-2d)
(IT—n)=010- n*)% [éi;(f**ij**)liz, (4.2e)
a+b:=1. (4.2)

We have analytically determined the solutions of this system
of equations. For u, > 0 we find physically acceptable so-
lutions only for u, = a, = 0 implying b, = 1. Actually, if
we allow for (unphysical) complex values of 7, the above
system has additional solutions where i, a,., and b, are all
finite. Moreover, for negative u, we find additional solutions
with b, = 0, a, = %1, and finite u., which we do not further
discuss in this paper [25]. To determine the values of n,, 7.,
and u, at the physical fixed point, we set u, = a, = 0 and
b, = 1 in Egs. (4.2) and obtain

2

U, = —, (43&)
p
—2 (4.3b)
r* = N .
20, — 1
30, —2 3. —2
Py = = (4.3¢)

14+r 1+2r1*2—1

The resulting quadratic equation for 7, has the two solu-

tions
= 7T+ p++/1+30p+p?

N (4.4a)
43 —-p)
_ 4
Ny = = (4.4b)
T+ p++/14+30p+p

We discard the n] solution because it exhibits a singular-
ity at p =3 that we believe to be unphysical. The only
physical solution of our fixed point equation (4.3c) for the
fermionic anomalous dimension is therefore 7, = 1, given
in Eq. (4.4b), which is shown in Fig. 5(a). Obviously, n.(p) is
a continuous function of p for all p with

ne=1%—p+O0p), 4.5)
for small p, while for large p the leading asymptotics is
2
= o/p*). (4.6)

The corresponding fixed point values of r, and u, are shown in
Fig. 5(b). Note that 1 4 r, is negative for all p and diverges for
p—>0asr,~—1/p=—u,/2. For 0 < p < 1 both |r,| and
u, are large compared with unity, indicating the nonperturba-
tive nature of the non-Fermi liquid fixed point in this regime.
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0.5
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0.3
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(b) 1

0 2 4 6 8 10
p

FIG. 5. (a) Physical branch 1, = n_ of the fermionic anomalous
dimension at the non-Fermi liquid fixed point given in Eq. (4.4b).
(b) Corresponding fixed point values of r, (blue) and u, (red).

Given the fact that y, = 2 — 29, > 1, we conclude that for
small imaginary frequencies the boson propagator scales as

F(Q) ~ —k,|Q", 4.7

with some positive real constant k.. For p — oo where y, —
2 this implies F(2) ~ —k,|<2|, so that the analytic contin-
uation from the upper frequency plane to real frequencies
(|R2] — —i2) gives for the retarded boson propagator

Fet (2 4+ 00) ~ ik, Q2. 4.8)
The resulting spectral function satisfies
QImFe (2 +i0) = 0, 4.9)

which is a general property of any bosonic spectral function.
For finite p where 1 < y, < 2 we have to choose the physical
Riemann sheet of the multi-valued complex function z%*~! to
obtain the physical spectral function that satisfies the positiv-
ity condition (4.9), see Ref. [26] for a careful discussion.

To investigate the stability of the non-Fermi liquid fixed
point, we now study the linearized RG flow in the vicinity of
this fixed point. Given the fact that at the fixed point u, =
a, = 0 we find from Egs. (3.35), (3.40), and (3.42) that the
linearized flow in the © — a plane decouples from the flow of
the other parameters,

31 1221 — M/L/L M;,La 122
aj Mau_ Maa aj ’

(4.10)

0.105
0.05 0.15
g 0.00
[ 0.10
-0.05
0.05
-0.10 ‘ ‘ ‘
-0.10 -0.05 0.00 0.05 0.10

FIG. 6. RG flow in the u —a plane for p =1 close to the
fixed point u, = a, = 0 obtained from the linearized flow equa-
tions (4.10). Note that the physical initial condition corresponding
to the bare action is given by the horizontal line ay = 0.

with
My, =1 L (4.11a)
=1 =M%= 5 .lla
o g 14+ r,
My, = ——2 (4.11b)
S P ’
1 1
May = us - . (41l
1+r* 2(1—{—1’*)—1/!*
M2
My = —n4 . (4.11d)

(R0 +r) —u

The resulting RG flow in the © — a plane is shown in Fig. 6.
Obviously, the RG flow in the u — a plane has one attractive

1'5’! ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ |
1.0
, N
0.5¢ ]
— A
0.0
—0.5/
0 2 4 6 8 10

FIG. 7. Graph of the eigenvalues A, (blue) and A_ (red) of the
matrix in Eq. (4.10), which characterize the linearized RG flow in
the i — a plane around the fixed point u, = a, = 0.
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and one repulsive direction. To characterize the behavior of
the RG trajectories quantitatively, we calculate the eigenval-
ues Ay of the 2 x 2 matrix in Eq. (4.10),

M M M, — M\
)\’Zt: MM+ aai\/< 194 “’1) +MuaMau-

2 2
(4.12)
At small and large p, they behave as
i =5 =3p+ 00, (4.13a)
A=—1+p+00D), (4.13b)
and
Ay =14001/p%, (4.142)
2
Ao =—-=4+01/p%), (4.14b)
p

Next, let us discuss the linearized RG flow of the cou-
plings ©; and r; in the vicinity of our non-Fermi liquid fixed
point. Using Eqgs. (3.12), (3.43), and (3.44) we find that the
linearized flow of §u; = u; — u, completely decouples from
the other parameters,

00u; = —puy (1 — n,)du; = AySuy, (4.15)

with

Ay = —pu (1 —n) = =2(1 — n,), (4.16)

where we have used Eq. (4.3a) to set pu, = 2. Given the
fact that 0 < n, < 1/2, we conclude that the coupling u; is
irrelevant at the non-Fermi liquid fixed point with scaling
exponent A, < 0. A graph of 1, as a function of p is shown by
the red line in Fig. 8. Finally, using Eqgs. (3.36), (3.43), and
(3.44) we obtain for the linearized flow of §r; = r; — ry,

respectively. We plot these eigenvalues as function of p in 81 = hydri + hrudur, @.17)
Fig. 7. where
|
LU(5n, — 3
A=2n,—1— Pty (Ot — 3) , (4.182)
2(1 + r*)z - (1 + r*)u* - pui
2420+ 1) (s — 1 (1 2n, — 1
)um=—p+pr*pu*+ (I+r)"(n )+ u (14 r)(2n ). (4.18b)

The eigenvalue A, as a function of p is represented by the blue
line in Fig. 8. It is always negative and has the asymptotics

A= =3 —6p+ 0P, (4.192)

h=—1— ; +0O1/p%) (4.19b)
for small and large p, respectively. A projection of the lin-
earized RG flow onto the plane spanned by 8r; and du; in
the vicinity of the fixed point is shown in Fig. 9. Note that
the projected flow has only attractive directions, so that fine
tuning of the couplings r; and u; is not necessary to realize

FIG. 8. Graph of the eigenvalues A, (blue) and A, (red) of the
linearized flow in the vicinity of the non-Fermi liquid fixed point,
see Egs. (4.16) and (4.18a).

2(1 + r*)z — (I 4+ rou, — puﬁ

(

the critical state associated with the non-Fermi liquid fixed
point. Our model therefore exhibits self-tuned criticality [5]
with respect to the bosonic mass parameter A + IT(0). Thus,
the only relevant coupling at the non-Fermi liquid fixed point
is the scaling variable associated with the positive eigenvalue
A of the 2 x 2 matrix in Eq. (4.10), which is a linear combi-
nation of the rescaled chemical potential u; and the spectral
asymmetry parameter q;.

0.10-
0.25
0.05
0.20
2 0.007 ot
—0.057 0.10
—0.107 0.05
-0.10 -0.05 0.00 0.05 0.10
61“1 0

FIG. 9. RG flow in the r —u plane for p =1 close to the
non-Fermi liquid fixed point obtained from the linearized flow equa-
tions (4.15) and (4.17).
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V. SUMMARY AND CONCLUSIONS

In this paper we have developed a FRG approach for
a dissipative Yukawa-SYK model where the inverse boson
propagator exhibits a nonanalytic |2| frequency dependence.
We have shown that, to leading order in 1/N and 1/M, the
infinite hierarchy of FRG flow equations for this model can
be reduced to a system of flow equations for the irreducible
fermionic and bosonic self-energies and two types of scale-
dependent four-point vertices. This system is closed because
the flow of the four-point vertices can be expressed again
in terms of the self-energies. Within a standard low-energy
expansion of the self-energies we have found a nontrivial non-
Fermi liquid fixed point with critical exponents depending
on the ratio N/M. A stability analysis of the linearized RG
flow in the vicinity of this fixed point shows that it has only
one repulsive direction corresponding to a linear combination
of the rescaled chemical potential x; and a parameter a,
which quantifies the spectral asymmetry. As ap = 0 in the
microscopic action, the physical parameter that can be tuned
to reach the non-Fermi liquid fixed point is the fermionic
density. In particular, the rescaled boson mass parameter r;
and the Yukawa coupling u; are both irrelevant at the fixed
point, so that no fine-tuning of these parameters is necessary
to realize the corresponding non-Fermi liquid phase. Although

in principle it should also be possible to extract these re-
sults from the corresponding Dyson-Schwinger equations, in
practice our approach based on FRG flow equations is more
convenient because it allows us to extract the low-energy
properties analytically using well-established approximations.
It would be interesting to extend our analysis to the usual
YSYK model where the inverse boson propagator exhibits
a quadratic frequency dependence. Our FRG flow equa-
tions (2.48)—(2.51) remain valid also in this case, so that
from a numerical solution of these equations we expect to
recover the non-Fermi liquid solution of the Dyson-Schwinger
equations derived in Ref. [6]. Unfortunately, the low-energy
expansion of Sec. III, which is crucial to make progress an-
alytically, does not produce sensible results in this case, at
least when it is combined with a sharp frequency regulator.
Possibly, an ultrasmooth regulator of the type proposed by
Husemann and Salmhofer [27] might solve this problem.
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