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We investigate the Yang-Lee singularity in BCS superconductivity, and find that the zeros of the partition func-
tion accumulate on the boundary of a quantum phase transition, which is accompanied by nonunitary quantum
critical phenomena. By applying the renormalization-group analysis, we show that Yang-Lee zeros distribute

on a semicircle in the complex plane of interaction strength for general marginally interacting systems.

Introduction.—Yang-Lee zeros [1, 2] are the zero points
of the partition function and provide key properties of phase
transitions, such as critical exponents [3, 4]. Yang and Lee
showed [1, 2] that zeros of the partition function of the classi-
cal ferromagnetic Ising model distribute on a unit circle in the
complex plane of fugacity under an imaginary magnetic field
[5-8]. The thermal phase transition between the paramagnetic
and ferromagnetic phases occurs when the distribution of ze-
ros touches the positive real axis. The Yang-Lee zeros are also
related to singularities in thermodynamic quantities accompa-
nied by anomalous scaling laws [4, 9—13]. This type of critical
phenomena is collectively known as the Yang-Lee singularity,
which is also investigated in quantum models [14-20].

The Bardeen-Cooper-Schrieffer (BCS) model of supercon-
ductivity [21] has played a pivotal role in a wide range of
many-body fermionic systems. At absolute zero, there is a
quantum phase transition between the superconducting and
normal phases. At the transition, an essential singularity arises
which leads to non-analyticity in thermodynamic quantities,
such as the superconducting gap [21]: A x exp(fpiU), where
p is the density of states and U is the strength of attarctive in-
teraction (see below). A question of fundamental importance
in statistical physics is how to understand the superconducting
phase transition in terms of Yang-Lee zeros.

In this Letter, we develop a theory of Yang-Lee zeros and
Yang-Lee singularity in BCS superconductivity. On the ba-
sis of a non-Hermitian BCS model [22], we demonstrate that
the Yang-Lee zeros distribute on the critical line of the quan-
tum phase transition on the complex plane of the interaction
strength. In contrast to a previous study [15] on Fisher zeros
in pairing fields at complex temperature, we extend the inter-
action strength to a complex regime at absolute zero.

Furthermore, we find that the BCS model exhibits nonuni-
tary quantum critical phenomena on the complex plane of the
interaction strength which are induced by the square-root-like
excitation spectrum near the exceptional points. We observe
that the critical phenomena take place near the phase bound-
ary where Yang-Lee zeros distribute and determine the criti-
cal exponents to construct the Yang-Lee universality class of
BCS superconductivity. By defining a critical exponent from
X o (AE)? where Y is the order of Yang-Lee zeros and AFE
is the condensation energy [23], we show that the condensa-

tion energy on the real axis can be found from the order of
Yang-Lee zeros on the upper half of the complex plane.

To illustrate the universality of nonunitary critical phenom-
ena and the distribution of Yang-Lee zeros, we develop a
renormalization-group (RG) theory for general complex in-
tearction strength. In particular, we show that the Yang-Lee
zeros take place on a semicircle in the complex plane, in sharp
contrast to the original Lee-Yang circle theorem [1, 2]. Our
RG theory also confirms the validity of mean-field results for
the non-Hermitian BCS model.

Yang-Lee Singularity in Superconductivity.—To analyze
the Yang-Lee singularity in BCS superconductivity, we con-
sider a three-dimensional non-Hermitian BCS model [22]

U /
H = kac};gcka N Z CLTCT_MC—IMCIM, ey
ko ki’

where £, = € — p is the single-particle energy measured
from the chemical potential u, 0 =T, denotes the spin
index and U = Upg + iU is the complex-valued inter-
action strength [24]. The creation and annihilation opera-

tors of an electron with momentum k and spin o are de-

noted as CLU and cy,, respectively. The prime in ), indi-

cates that the sum over k is restricted to |{x| < wp where
wp is the energy cutoff and N is the the number of mo-
menta within this cutoff. We focus on the superconducting
quantum phase transition at absolute zero, and use the com-
plex interaction strength to find Yang-Lee zeros. In Ref.
[22], a mean-field theory of the non-Hermitian BCS model
(1) is developed. By applying the mean-field theory, the
BCS Hamiltonian is given by Hyr = Y ,, fkcLUckU +

Z;[AOC_MCM + AOC,LTCJLM] + & AgAg, where the super-
conducting gaps are Ay = —% Z;L(c_kickﬁR and Ay =
— Y S (chcl ) )r. Here [(A)r = L(BCS|A[BCS)p,
and |BCS)g and |BCS), are the right and left ground states
of the Hamiltonian Hyr given by [22]

BCS)r = [ [(ur + vichic ,)10), 2)
k

IBCS)., = [ [(us, + vichrc’ 410, 3)
k



where |0) is the vacuum for electrons and ug,vg and Ug
are complex coefficients subject to the normalization condi-
tion ui + vivr, = 1. These coefficients can be determined
in a standard manner and given in Supplemental Material
[25]. Since the right and left ground states are not the same,
Ao # A} and Uy, # v}, in general. Here we choose a gauge
such that Ay = Ag and the Bogoliubov energy spectrum Ej,
is then given by [22]

Ek:\/fl?:—i_Ai’ “4)

where A, = Aof(wp — |€k|) with 6(z) being the Heaviside
step function. It is worthwhile to note that Ag is complex in
general, so is the energy E}. In the following, we assume that
the density of states pg in the energy shell is a constant. The
gap Ay is then given by

Ao = —F—. 5)
sinh (m)
The phase boundary of the model is determined by the condi-
tion ReAg = 0 [22]. The phase boundary is given by

(pomUr)? + (pomU; —1)2 =1, Ug > 0, (©6)

which coincides with the exceptional points where Hyr is not
diagonalizable [22]. The partition function is given by

Z=1J+e 7", (7)

k

whose absolute value is shown in Fig. 1. The Yang-Lee zeros
of our system are given by the zero points of Eq. (7) where
Re(Fk) = 0 and Im(SEg) = (2n + 1)m,n € Z. This con-
dition is satisfied in the thermodynamic limit if ReAy = 0,
which agrees with the condition for a quantum phase transi-
tion. Hence, at absolute zero, Yang-Lee zeros distribute on the
phase boundary (6). As shown below, thermodynamic quan-
tities and correlation functions exhibit critical behavior on the
phase boundary. We call these critical phenomena collectively
as Yang-Lee singularity.

Here we investigate the quantum phase transition in BCS
superconductivity in contrast to the original Yang-Lee the-
ory [1, 2] on classical models. In the present case the phase
boundary touches the real axis at the phase transition between
superconducting and normal phases. However, each point on
the phase boundary stands for an individual phase transition,
which is in sharp contrast with the Yang-Lee edge singular-
ity at the edge of the distribution of Yang-Lee zeros [4]. We
can see that criticality shows up at each point on the phase
boundary not only at the edge on the real axis.

Correlation Function and Critical Exponents.—We exam-
ine the critical behavior of physical quantities to determine the
critical exponents and the universality class of the Yang-Lee
singularity. We first consider the correlation function

C(x) = r(ch(x)cs (0))r
:=1, (BCS|c] (x)c, (0)[BCS) k. 8)

FIG. 1. Absolute value of the partition function Z of the three-
dimensional BCS model as a function of the real and imaginary parts
of the interaction strength U = Ugr + iU in the zero-temperature
limit. The boundary along which the partition function vanishes is
indeed given by the critical line (6). In the shaded region inside the
phase boundary, the value of the partition function is not shown due
to the breakdown of the mean-field approximation [22].

We calculate the correlation function by considerting its
Fourier transformation, which can be written as

oINSk ik
C(x) ~ N; 2Eke ) 9)

Here we restrict the sum over k to the energy shell since
we are concerned with the long-range behaviour of the cor-
relation function. We expand & near the Fermi surface as
&k = vp(k — kp), where v is the Fermi velocity, kr is the
Fermi momentum and k& = |k|. On the phase boundary (6),
this correlation function (9) shows a power-law decay as

AQ) L BO) g

zlggo C(x) ~ YEE +i 52 ) (10)
where ¢ = |x|, | = I“:)Ax is a dimensionless length scale

and A(l) and B(l) are real functions that oscillate with [ with-
out decay (see Supplemental Material [25] for details). The
anomalous power of % is to be contrast with the power of 2 for
the normal-metal phase [26] and attributed to the exceptional
points of the system. When the gap closes at the exceptional
points, the dispersion relation near the Fermi surface is given
by

E ~ y/vik? — (ImAg)2. (11)

Near the exceptional points kg := %, the dispersion rela-
tion reduces to Ky ~ +/k — kg, which makes a sharp con-
trast with the Hermitian counterpart having a linear excitation

spectrum near a gapless point. It is this square-root excitation
spectrum that induces the anomalous decay of the correlation



function on the phase boundary. From the correlation func-
tion (10), we find the anomalous dimension = 1/2 from
C(x) oc zP~2%" on the phase boundary where D is the di-
mension of the system [26].

The correlation function decays exponentially near the
phase boundary. If we shift U by an infinitesimal amount 6U
along the real axis from the phase boundary, the correlation
function can also be calculated from Eq. (9), giving

exp(—¢)

5 (12

lim C(x) x

Tr—r00
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where the correlation length & o (podU)~! diverges on the
phase boundary, and hence we obtain the critical exponent
v = 1 from £ « (6U)™" [26] (see Supplemental Material
[25] for the derivation). Near the phase boundary, the dynam-
ical critical exponent z is defined as

ReAg ox €2 (13)

From the expression of A in Eq.(5), we find that ReAy
&~1 o §U. Therefore, we have z = 1.

We note that the correlation length in the Hermitian case
takes the form of

1
§ oc exp(——57). (14)
This behavior is quite different from that of the quantum phase
transition in the non-Hermitian case since £ ! in Eq. (14) can-
not be expanded as a power series of pgdU, which indicates
that the exceptional points lead to a completely different uni-
versality class in the non-Hermitian system.

We define a new critical exponent that relates the condensa-
tion energy to the order x of Yang-Lee zeros, which is defined
as the number of n € 7Z satisfying the relation Im(8Ey) =
(2n + 1) under the zero-temperature limit 5 — oc:

B~ mBo)  wp (15)

™ meosh( ‘U|2)

On the phase boundary, the condensation energy A F takes the

form of
NA2
ap="%0 _y / 06 o ( Ja - @)
2U
1 sinh >
= Npow |1- 3 2(”0'5 ) (16)
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Near U = 0, x is related to AFE as
X/B o< (AE)Y2. (17)

It follows from Eq. (17) that the critical exponent ¢ defined
from y/B o< (AE)? is given by 1/2. We note that the power-
law behavior of the condensation energy is characterized by

the order ) rather than the density of Yang-Lee zeros used
in Ref. [4]. Since the phase boundary is tangent to the real
axis, we can approximately use the condensation energy on
the phase boundary near U = 0 to represent the condensation
energy on the positive real axis close to the origin. Therefore,
with Eq. (17), we can relate the order of Yang-Lee zeros y on
the complex plane to the value of condensation energy on the
real axis.
Next, we consider the pair correlation function

,02(7“1017 T202; 1"10'37 TéO'/Q)
= (e}, (r1)el, (r2)coy (75)cor (1)) R, (18)

where (r101,7209) and (r{c},r5oh) are the positions and

spins of electrons that form the Cooper pairs. By setting r; =
ro = Rand ] = v/ = 0 and taking the limit |R| — oo,
we find that the pair correlation function p, converges to a
nonzero value on the phase boundary as

Jim pa(RR401,01) =
This non-vanishing pair correlation function is characteritic of
nonunitary critical phenomena, where the correlation function
of the order parameter may diverge at long distance [4]. We
can also use the expression (19) to define the critical exponent
J as

Jim pp(RT, R 1501,01) o [RI™. (20)

We have § = 0 here, which is also unique to the nonunitary
critical phenomena.

The compressibility also shows critical behavior at the
Yang -Lee singularity. By analyzing the compressibility K =

oL —(1/B)log Z is the
n?
free energy of the Bogoliubov quasiparticles, we have
wD A2
K= —N/ PS5z @1
—wp (& + A5)/?

On the phase boundary (6), the compressibility « diverges.
Therefore, we define another critical exponent ( near the
phase boundary as

o (8U)~¢, (22)

with ¢ = 1/2 in this system. This critical behaviour also
arises from the square-root-like dispersion relation near the
exceptional points. In fact, the critical exponents 7 and ¢
coincide for a general fractional-power dispersion relation
(k — kg)'/™, which includes the case of higher-order excep-
tional points [25].

Renormalization Group Analysis— The celebrated Lee-
Yang circle theorem [2] states that the Yang-Lee zeros of the
classical Ising model distribute on a unit circle in the complex
plane. Here we show that the observed semicircular distribu-
tion (6) of the Yang-Lee zeros of the BCS model is generic



and universal. To see this, we consider a general canonical
RG equation for a marginal complex interaction:

% =aV? 4+ bV3, (23)
where V = Vi 44V, € Cis adimensionless coupling strength
which can be taken as V' = poU in the present case, and dt =
—% is the relative width of the high-energy shell which is
to be integrated out in the Wilsonian RG with = being the
energy cutoff. There are two fixed point in Eq. (23). One is
V' = 0, which is trivial, and the other one is V' = f%, which
is nontrivial. According to the stability of the nontrivial fixed
point, we can classify the RG-flow diagrams into two types.
One case with b > 0 corresponds to an unstable nontrivial
fixed point in the Hermitian case and does not exhibit critical
phenomena. The other case with b < 0 corresponds to a stable
nontrivial fixed point in the Hermitian case and is the only
case involving the critical line. The RG-flow diagrams for
these cases are shown in the Supplemental Material [25]. We
emphasize that the present BCS model belongs to the b < 0
case. By applying Wilsonnian RG analysis of fermionic field
theory [27], the RG equation of the BCS model up to two-loop
order including the self-energy correction is written as [25]

dv 1
= VZ - 5v?’. (24)

From Eq. (24), we find ¢ = 1 and b = —1/2 in the canonical
equation (23). A similar RG equation has been obtained for
the non-Hermitian Kondo model [28]. Note that the sign of
the parameter a does not influence the physics of RG flows
since we can reverse it by a transformation V' — —V. For a
system with b < 0, there exists a critical line which separates
the trivial and nontrivial fixed points. Every point on the crit-
ical line flows towards the fixed point (Vg, V7) = (—3;,00).
After integrating Eq. (23) and taking the imaginary part of
both sides of it, we obtain the critical line as

b + _Vi _b arctanﬁ + b arctan(—ﬁ)
la| “ VE+V? a Ve  a a+bVg’
(25)
Near the origin, Eq. (25) can be expaneded as
V] br
——— + — =0. 26
V7l 0

This critical line (25, 26) is located at the right half plane
VR > 0if a > 0 and the left half plane Vp < 0 if
a < 0. Note that the critical line (26) forms a semicircle for
all a # 0 and b < 0. For the BCS model, Eq. (26) reduces to
_ m +75 = 0, which agrees with the mean-field phase
boundary in Eq. (6) where the Yang-Lee zeros distribute. This
RG result confirms the validity of the mean-field results.

This analysis of general marginally interacting systems
with @ # 0 and b < 0 implies that the criticality associated
with the Yang-Lee zeros, if exists, can only take place on the
semicircle (26) within the perturbative RG framework. This

semicircle distribution makes a sharp contrast with the Lee-
Yang circle theorem [2] where the zeros distribute on the unit
circle. The semicircle structure arises from the marginal na-
ture of the coupling that induces different RG-flow behaviours
between the left half plane Vz < 0 and the right half plane
Vg > 0.

This semicircular distribution of Yang-Lee zeros may uni-
versally be found in various systems with Fermi-surface insta-
bilities to e.g., charge-density wave (CDW) or anisotropic su-
perconducting pairing, since those instabilities are described
by similar RG behavior with marginal couplings [27]. In fact,
the system with CDW instability can be described by a mean-
field analysis similar to the BCS theory [29-31].

Conclusion.—In this Letter, we have investigated the Yang-
Lee singularity in BCS superconductivity and found that the
Yang-Lee zeros distribute on the phase boundary in the com-
plex plane of the interaction strength. We have also explored
the Yang-Lee critical behaviour and obtained critical expo-
nents We have performed RG analysis of an arbitrary system
with marginal intearaction and shown that Yang-Lee zeros dis-
tribute on a semicircle.

The Yang-Lee singularity introduced in this Letter is not
only an interesting mathematical property but also experimen-
tally realizable. In fact, the non-Hermitian BCS model can
be realized in open quantum systems [22, 32]. The complex-
valued interaction strength describes the effect of two-body
loss in ultracold atoms. For example, inelastic two-body
losses can be induced by utilizing a Feshbach resonance [33—
35] or photoassociation [36, 37].

While we have focused on the quantum phase transition,
it is worthwhile to investigate how the Yang-Lee singularity
is connected to a superconducting phase transition at finite
temperature. We also believe that Yang-Lee singularity can
emerge in other non-Hermitian many-body systems such as
the non-Hermitian Bose-Hubbard model [38].

We are grateful to Yuto Ashida, Kazuaki Takasan, Norifumi
Matsumoto, Kohei Kawabata, Xin Chen and Xuanzhao Gao
for fruitful discussion. H. L. is supported by Forefront Physics
and Mathematics Program to Drive Transformation (FoPM),
a World-leading Innovative Graduate Study (WINGS) Pro-
gram, the University of Tokyo. X. Y. is supported by the
Munich Quantum Valley, which is supported by the Bavarian
state government with funds from the Hightech Agenda Bay-
ern Plus. M.N. is supported by JSPS KAKENHI Grant No.
JP20K14383. M.U. is supported by JSPS KAKENHI Grant
No. JP22H01152.

* These two authors contributed equally to this work.

T lhc @cat.phys.s.u-tokyo.ac.jp

i xiehang.yu@mpq.mpg.de

§ ueda@cat.phys.s.u-tokyo.ac.jp
[1] C.N. Yang and T. D. Lee, Phys. Rev. 87, 404 (1952).
[2] T. D. Lee and C. N. Yang, Phys. Rev. 87, 410 (1952).


mailto:lhc@cat.phys.s.u-tokyo.ac.jp
mailto:xiehang.yu@mpq.mpg.de
mailto:ueda@cat.phys.s.u-tokyo.ac.jp
https://doi.org/10.1103/PhysRev.87.404
https://doi.org/10.1103/PhysRev.87.410

[3] M. E. Fisher, The Nature of Critical Points (University of Col-
orado Press, 1965).

[4] M. E. Fisher, Physical Review Letters 40, 1610 (1978).

[5] B. Simon and R. B. Griffiths, Communications in Mathematical
Physics 33, 145 (1973).

[6] C. M. Newman, Communications on Pure and Applied Mathe-
matics 27, 143 (1974).

[7] E. H. Lieb and A. D. Sokal, Communications in Mathematical
Physics 80, 153 (1981).

[8] P. J. Kortman and R. B. Griffiths, Physical Review Letters 27,
1439 (1971).

[9] D. A. Kurtze and M. E. Fisher, Physical Review B 20, 2785
(1979).

[10] M. E. Fisher, Progress of Theoretical Physics Supple-
ment 69, 14 (1980), https://academic.oup.com/ptps/article-
pdf/doi/10.1143/PTP.69.14/5348942/69-14.pdf.

[11] J. L. Cardy, Physical Review Letters 54, 1354 (1985).

[12] J. L. Cardy and G. Mussardo, Physics Letters B 225, 275
(1989).

[13] A. B. Zamolodchikov, Nuclear Physics B 348, 619 (1991).

[14] G. von Gehlen, Journal of Physics A: Mathematical and Gen-
eral 24, 5371 (1991).

[15] T. Sumaryada and A. Volya, Physical Review C 76, 024319
(2007).

[16] E. Abraham, I. M. Barbour, P. H. Cullen, E. G. Klepfish, E. R.
Pike, and S. Sarkar, Phys. Rev. B 53, 7704 (1996).

[17] N. Matsumoto, M. Nakagawa, and M. Ueda, Phys. Rev. Re-
search 4, 033250 (2022).

[18] T.Kist, J. L. Lado, and C. Flindt, Phys. Rev. Research 3, 033206
(2021).

[19] P. M. Vecsei, J. L. Lado, and C. Flindt, Phys. Rev. B 106,
054402 (2022).

[20] K. P. Gnatenko, A. Kargol, and V. M. Tkachuk, Phys. Rev. E
96, 032116 (2017).

[21] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Physical Review
108, 1175 (1957).

[22] K. Yamamoto, M. Nakagawa, K. Adachi, K. Takasan, M. Ueda,
and N. Kawakami, Physical Review Letters 123, 123601
(2019).

[23] P. Coleman, Introduction to Many-Body Physics (Cambridge
University Press, Cambridge, 2015).

[24] Note that in our definition, Ur > 0 (< 0) represents attractive
(repulsive) interaction.

[25] See supplemental material for details, which includes refs. [39,
40].

[26] S. Sachdev, Quantum Phase Transitions, 2nd ed. (Cambridge
University Press, Cambridge, 2011).

[27] R. Shankar, Reviews of Modern Physics 66, 129 (1994).

[28] M. Nakagawa, N. Kawakami, and M. Ueda, Physical Review
Letters 121, 203001 (2018).

[29] R. Gersch, C. Honerkamp, D. Rohe, and W. Metzner, The Eu-
ropean Physical Journal B - Condensed Matter and Complex
Systems 48, 349 (2005).

[30] S. S. Dash and D. Sénéchal, Phys. Rev. B 103, 045142 (2021).

[31] P. D. Grigoriev and D. S. Lyubshin, Phys. Rev. B 72, 195106
(2005).

[32] M. Iskin, Phys. Rev. A 103, 013724 (2021).

[33] G. Pagano, M. Mancini, G. Cappellini, L. Livi, C. Sias,
J. Catani, M. Inguscio, and L. Fallani, Phys. Rev. Lett. 115,
265301 (2015).

[34] M. Hofer, L. Riegger, F. Scazza, C. Hofrichter, D. R. Fernandes,
M. M. Parish, J. Levinsen, 1. Bloch, and S. Folling, Phys. Rev.
Lett. 115, 265302 (2015).

[35] R. Zhang, Y. Cheng, H. Zhai, and P. Zhang, Physical Review

Letters 115, 135301 (2015).

[36] T. Tomita, S. Nakajima, I. Danshita, Y. Takasu, and
Y. Takahashi, Science Advances 3, el701513 (2017),
https://www.science.org/doi/pdf/10.1126/sciadv.1701513.

[37] K. Honda, S. Taie, Y. Takasu, N. Nishizawa, M. Nakagawa,
and Y. Takahashi, Observation of the sign reversal of the mag-
netic correlation in a driven-dissipative fermi-hubbard system
(2022).

[38] Y. Ashida, S. Furukawa, and M. Ueda, Phys. Rev. A 94, 053615
(2016).

[39] N. Nagaosa, Quantum Field Theory in Condensed Matter
Physics (Springer Berlin Heidelberg, 1999).

[40] T. Kato, Perturbation Theory for Linear Operators, Vol. 132
(Springer Berlin Heidelberg, 1995).

[41] To be precise, the gap equation at finite temperature is singular
on the critical line since the Yang-Lee zeros make the expecta-
tion value ill-defined. However, we can define the value of the
partition function on the critical line from the continuity of the
partition function in a finite-size system.


https://books.google.de/books?id=cBisnQEACAAJ
https://doi.org/10.1103/PhysRevLett.40.1610
https://doi.org/10.1007/BF01645626
https://doi.org/10.1007/BF01645626
https://doi.org/https://doi.org/10.1002/cpa.3160270203
https://doi.org/https://doi.org/10.1002/cpa.3160270203
https://doi.org/10.1007/BF01213009
https://doi.org/10.1007/BF01213009
https://doi.org/10.1103/PhysRevLett.27.1439
https://doi.org/10.1103/PhysRevLett.27.1439
https://doi.org/10.1103/PhysRevB.20.2785
https://doi.org/10.1103/PhysRevB.20.2785
https://doi.org/10.1143/PTP.69.14
https://doi.org/10.1143/PTP.69.14
https://arxiv.org/abs/https://academic.oup.com/ptps/article-pdf/doi/10.1143/PTP.69.14/5348942/69-14.pdf
https://arxiv.org/abs/https://academic.oup.com/ptps/article-pdf/doi/10.1143/PTP.69.14/5348942/69-14.pdf
https://doi.org/10.1103/PhysRevLett.54.1354
https://doi.org/https://doi.org/10.1016/0370-2693(89)90818-6
https://doi.org/https://doi.org/10.1016/0370-2693(89)90818-6
https://doi.org/https://doi.org/10.1016/0550-3213(91)90207-E
https://doi.org/10.1088/0305-4470/24/22/021
https://doi.org/10.1088/0305-4470/24/22/021
https://doi.org/10.1103/PhysRevC.76.024319
https://doi.org/10.1103/PhysRevC.76.024319
https://doi.org/10.1103/PhysRevB.53.7704
https://doi.org/10.1103/PhysRevResearch.4.033250
https://doi.org/10.1103/PhysRevResearch.4.033250
https://doi.org/10.1103/PhysRevResearch.3.033206
https://doi.org/10.1103/PhysRevResearch.3.033206
https://doi.org/10.1103/PhysRevB.106.054402
https://doi.org/10.1103/PhysRevB.106.054402
https://doi.org/10.1103/PhysRevE.96.032116
https://doi.org/10.1103/PhysRevE.96.032116
https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRevLett.123.123601
https://doi.org/10.1103/PhysRevLett.123.123601
https://doi.org/DOI: 10.1017/CBO9781139020916
https://doi.org/DOI: 10.1017/CBO9780511973765
https://doi.org/10.1103/RevModPhys.66.129
https://doi.org/10.1103/PhysRevLett.121.203001
https://doi.org/10.1103/PhysRevLett.121.203001
https://doi.org/10.1140/epjb/e2005-00416-8
https://doi.org/10.1140/epjb/e2005-00416-8
https://doi.org/10.1140/epjb/e2005-00416-8
https://doi.org/10.1103/PhysRevB.103.045142
https://doi.org/10.1103/PhysRevB.72.195106
https://doi.org/10.1103/PhysRevB.72.195106
https://doi.org/10.1103/PhysRevA.103.013724
https://doi.org/10.1103/PhysRevLett.115.265301
https://doi.org/10.1103/PhysRevLett.115.265301
https://doi.org/10.1103/PhysRevLett.115.265302
https://doi.org/10.1103/PhysRevLett.115.265302
https://doi.org/10.1103/PhysRevLett.115.135301
https://doi.org/10.1103/PhysRevLett.115.135301
https://doi.org/10.1126/sciadv.1701513
https://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/sciadv.1701513
https://doi.org/10.48550/ARXIV.2205.13162
https://doi.org/10.48550/ARXIV.2205.13162
https://doi.org/10.1103/PhysRevA.94.053615
https://doi.org/10.1103/PhysRevA.94.053615
https://doi.org/10.1007/978-3-662-03774-4
https://doi.org/10.1007/978-3-662-03774-4
https://doi.org/10.1007/978-3-642-66282-9

S1

Supplemental Material for
‘“Yang-Lee Singularity in BCS Superconductivity”

CONTENTS
References 4
Yang-Lee Zeros on the Phase Boundary S1
Correlation Functions on the Phase Boundary S3
Correlation Function Near the Phase Transition S5
Thermodynamic Quantities on the Phase Boundary S8
Pair Correlation Function S11
Renormalization Group Theory of Non-Hermitian BCS Superconductivity S11

Yang-Lee Zeros on the Phase Boundary

We begin from considering the three-dimensional non-Hermitian BCS Hamiltonian

U /
H = ngclgcka N Z CLTCT_MC—kak/m (S.1)
ko To.k!

where U = Upg + U and the prime in Z;c indicates that the sum over k restricted to |{x| < wp with wp being the curoff
energy. The mean-field Hamiltonian is given by

- N -
Hyp =Y énchocko + Y [Docokycrr + Dockyel ] + 77 BoRos $.2)
ko k
where Ay = —% Y wr{C—kiCkt)R and Ay = —% Yok L(cLTcT_ " ¢>R represent the superconducting gap. The right and left
ground states of the mean-filed Hamiltonian Hyr are given by [22]
IBCS)r = [ [(ur + vichycl)10), (S.3)
k
IBCS) L, = [ [(uk + vicfrcl ))10), (S4)
k

where the parameters ug, vg and vy are complex coefficients and take the specific form of

e B8 o[BS B[R A 55
k 2Ek ’ k QEk, AO7 k 2Ek AO. )

Here Ey, = /& + A}, is the dispersion relation of Bogoliubov quasiparticles where Ay, = Agf(wp — [€x]) with 6(x) being
the Heaviside step function. Note that Ay # A{. In the following we take a gauge [22] in which Ay = Ay € C.
The gap equation at absolute zero reads as [22]

N / 1
N_ I — (5.6)
U Zk: 2¢/€ + A5

Provided that the density of states is constant and given by pg, the above equation can be simplified as

Vwp + A twp 7

= eroU
Ag
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The solution to the gap equation is given by Ay = % To be specific,
Sl pin
2w
AO = 1 . > 1 .
exp [m (UR — ZU[>:| — exp {—m (UR — ZUI)j|
- U U WD- U U ’ (5.8)
sinh (587 ) cos (3ite ) —eosh () sin (67
and its real part is given by
sinh ( URQ) cos ( U 2)
Re[Ao] = wp polU] polU] (S.9)

(sinh (p:‘fUR‘z) cos <p0[|](§\2))2 + (cosh (pol\]5|2) sin (pol‘][j‘z))Q '

At the quantum phase transition point, the real part of the gap vanishes, which gives cos (;J#P) = 0, or equivalently, po[\]715|2 =
5. This determines the condition for the phase boundary [22]

(pomURr)? + (pomUr — 1) =1. (S.10)

This condition restricts the imaginary part of the gap Ag as

Im[Ap] = wp

2 2
(sinh (porljl};P) cos (polllefP)) + (COSh (poL\fURlz) sin (polllefP))

wp
oo ()

The phase transition is related to the existence of Yang-Lee zeros on the phase boundary. The partition function of Bogoliubov
quasi-particles in a finite-size system at finite temperature 1//3 is

(S.11)

Z=1Ja+e 7). (S.12)
k

Since we only consider the case with a large [, we directly substitute Eq. (S.8) into the dispersion relation [41]. For the points
not on the phase boundary, we have Re[Fj| > 0, which indicates that the partition function cannot vanish. However, on the
critical line (S.10), the gap Ay becomes purely imaginary and therefore Yang-Lee zeros can emerge. The partition function on
the phase boundary can be decomposed as

z= I (1 + e—iﬂv<lmo>2—fi) < I (1 n e—ﬁvﬁiﬂi) : (S.13)

k,|&k|<ImAg k,|€k|>ImAg

The first product vanishes for the momentum k that satisfies the condition

By (ImAg)* — €2 = (2n + 1), (S.14)

where n is an arbitrary integer. This condition is equivalent to

2
x| = \/(ImAO)Q - (2”; 17r> . (S.15)

Further, we take the thermodynamic limit. Since ImAy < wp, we can always find the momentum k in the energy shell satisfyting
the condition (S.15) for an arbitrarily large 3. Hence, Yang-Lee zeros distribute on the phase boundary (S.10).
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Correlation Functions on the Phase Boundary

In this section, we calculate the correlation functions on the phase boundary to elucidate the critical behavior at the Yang-Lee
singularity. Here we firstly consider the momentum distribution of the particles

plcl cko)r = 1 (BCS| ¢l cro [BCS) , - (S.16)

Using the expression of the BCS states, we obtain

1 ¢ 1 €
i ) 2 k k
L<Ck CkT>R:L<Ck Ck:¢>R:Uk:*— = - — . (S.17)
T v 2 2B, 2 2/ +A]
Similarly, we have
L<CLTCk¢>R = L<CLJ,C’CT>R =0. (S.lS)
Then we perform the Fourier transformation to
dk (1 ¢k , /
o .— T / _ - ik-(x—x") . S.1
Cla —a') = 1 (e} (@)eo(@))n / 5 (2 )¢ (5.19)

We drop the first term on the right-hand side of Eq. (S.19) since it is proportional to the delta function ¢ (). Here, we replace
the integral with [ ' (‘QiST’)“S for the momentum with || < wp since we are only concerned with the long-range behaviour of the
correlation function. In the following, we will replace « — «’ with & for convenience. Then the correlation function is given by

_ ' d3k gk ik-x
Cla) = — / CET ey (5.20)

To extract the long-range behaviour of the correlation function, we expand the energy spectrum around the Fermi surface as
&k ~ vp(k — kr), where v and kp are the Fermi velocity and the Fermi momentum, respectively. Then the integration can be
simplified as

:
Clx) ~ - /p dép sm9d05761"1;Tcogge““”c"be7 (8.21)

2V/& +

where « = |x| and py is the density of states at the Fermi surface. With the integration over 6, we have

C(x) ~ = /WD pode S sin <<% - kF) 58)

—wp (% + kF) 2/ + AF

= —povp /OWD dkagik e sin(kpx) cos (fr; x) cos(krx)sin (5;9 x)

+vpkp

\/§i+A% ('UFkF) _6126 (UF]CF> —f,%
o wp & cos(kpx)sin (5‘° )
=~ pO'UF/O dka GETY] vpkp (orkr? — €
cos(kpx) &k sin (f’; x)

~ —po (S.22)

wp
kpx /o \/gk (ReAg)? — (ImAg)2 + 2iReAgImA,

Since we expand the energy around the Fermi surface, we assume the condition wp < pu = vpkp and neglect the first term in
the bracket in the second equality of (S.22). Here we also replace (vpkp)? — £2 with (vpkr)? due to this approximation. By
defining

=D :cosh(£ a:= ReBo
Ion p0|U|2 T ImAO’

(5.23)
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we rewrite the integral as

ImAg cos(kpz) [* tbln(ImAOzt)
C(z) = —po B0 oslbire) — —, (S.24)
kpx 0o  Vt2+a2—1+2ia
where we change the integration variable from & to t = Irfzo. Here we separate the correlation function into the real and
imaginary parts as
cos(krpx )
C(x) ~ —poik( £ )(Fl(:c) +iFy(x)), (S.25)
FT
where
Fi(z) = ImAGR kdt toin( ) Fy(x) = ImAgl kdt tin(%,2) (5.26)
x) =Im e , Fo(x) = ImAgIm .
! 0 V2 +a2 — 1+ 2ia 2 0 V2 +a2 =1+ 2ia

Since this integral is dominated by the region where ¢ ~ ++/1 — a?, changing the upper bound of the integral will not influence
the long-range behaviour of the correlation function. Hence, we set & — oo here for convenience. We will illustrate this point in
the following numerical simulation with a finite upper bound. When we consider the correlation function on the phase boundary,
we have a = 0. Hence, the function F () in the real part of the correlation function takes the form of

tsm(ImAOIt) t51n(ImA0””t)
Fi(x) = ImAgRe / dt——————| ~ ImA, / dt——2—". (8.27)
t?2—1 t2—1
To calculate this function, we introduce another function G () as
s cos(Lont) T ImA,
Gi(z) := ImA dt—=22_" = —ImAy= N, ( x) ) S.28
1(z) o/, JE—1 ogNo\ = (5.28)
where Ny is the O-th order Bessel function of the second kind. The relationship between these two functions is
VR ,
F ~ — . 2
1) = — G (2) (5.29)
Therefore, the real part of the correlation function is
k ImA
Re[C(x)] ~ zpovp cos(krz) N 120, . (S.30)
2 kpx VR

When we take the limit x — 0o, we have

2 T 1 21 . T 1 2 T 1
xlggoNO() \/;cos(x—4)w—\/;251n(x—4>w_\/;cos(x—4)w. (S.31)

Thus, the real part of the correlation function has the long-range behaviour as

i {gpochoS(kFx) N (Ionx>} N L (S.32)

Z—00 krx VE x3/2

Then we turn to consider the function F»(z) as the imaginary part of the correlation function. On the phase boundary, we can
rewrite it as

Fy ImAgIm
(@) =1ImAo 2?1 21

tsm(lmAOwt) 1 tsin(ilmf”t)
/ dt————-| = —Ion/ dt——E2—~ (S.33)
0

Similarly, we can also define another function G3(x) as

Ga(z) = —ImAg =

a3 (S.34)

VR

1 OS(Ionzt) 7TJ (Ion m)
0 9
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where Jj is the 0-th order Bessel function of the first kind. The relationship between these two functions is also given by
Fy(z) = —vpGy(x). (S.35)
Then the imaginary part of the correlation function is equivalent to

cos(kpx) g (Ionx) .

7r
Im[C(x)] ~ 5 POVF - o

(5.36)

Thus we have a similar long-range behaviour for the imaginary part of the correlation function as

. ™ cos(kpzx) _, (ImAy 1
mlggo §p0vF o Jo o T ~ R (S8.37)

To summarize, the correlation function takes the form of

cos(kpx)

ImAO
A
]{/’F.”L' ( 0( (a * (a

=: (A(l) +iB(1))z~3/2, (S.38)

. LT
ml;rI;OL (BCS| ¢! (z)c, (x) BCS) =~ xlirrgo 5POVF

where

™ vV Ion’UF v
=/=po cos(kp
2 kr I

VImA
_ \/Zpo ”l‘f ovF D)sin(l — 1), (S.39)

v
os(kp Im

and [ = I“;AO x. The anomalous dimension is defined by C(x) oc 2~ P277[26], where D is the spatial dimension of the system.
From Eq. (S 38), we can see that the correlation length diverges on the phase boundary and that the anomalous dimension is
given by n = 1/2. In addition, we present the numerical plot of the integrals F; and F on the phase boundary in Fig. S1 with
detailed fitting parameters shown in Table. I. In the numerical calculation we take a finite upper bound & given in Eq. (S.23).
These two functions are related to the correlation function as C(x) = py m (Fy(x) + iFy(x)). The fitting results indicate
that F (1) is propotional to sin(l + £ )% and F»(l) is proportional to sm(l + 371105, Those results are consistent with our
analytical result in Eq. (S.38) and indicate that the correlation length diverges on the phase boundary.

Correlation Function Near the Phase Transition

To calculate the critical exponent of correlation length, we consider the correlation functions near the phase boundary. The
real part of the gap Ay is given by

sinh( URg)COS( UIQ)
P0|U\2 po|U| . (S.40)
(sinh (pol‘]UR‘g) cos (polfgf\(")) + (cosh (pol‘]gp) sin (pol‘][j‘z ))

For convenience, we here consider the shift of the interaction strength by Ui € R from a point U on the phase boundary.

RG[AO] = Wp

It can be replaced by an arbitrary amount 60U along any direction. Up to the first order of 6Ug, we have cos (ﬁ =

cos (5 — ”Ulg“szU R) = sin (’Tﬁfgfgf R) o~ ’TI@TZU & Then the real part is shown to be proportional to dUr:

U, sinh ( )

ReAg ~ 2D Pl §UR o 6Ug . (S41)
UP " cosh? (-Uz
polU|?
The imaginary part of the gap remains the same as in Eq. (S.11) up to the same order of 6Ug: ImAy = % and
O ool
U
TZR tanh( )oUR (5.42)

T UP |U\2
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FIG. S1. (a) Real part Fi(l) and (b) imaginary part F>(l) of the correlation funtion on the phase boundary which are defined in Eqgs. (S.27)
and (S.33). Here (poUr, poUr) = (%, 1) and | = %w. The fitting parameters are shown in Table I.

1
T

| Fi(1) [ (1)

Fitting Function | F1 (1) = %@f‘lz) Fitting Function F(l) = %
a 1.246(1.129, 1.363) ar —1.199(—1.190, —1.209)
s 0.786(0.783,0.789) @ —0.7884(—0.7833, —0.7884)
as 0.499(0.485,0.513) as 0.4924(0.4912, 0.4936)
R’ 0.9990 R 0.9999

TABLE L. The left and right tables show fitting parameters for F (1) and F>(I) on the boundary, respectively. Here (poUr, poUr) = (£, 2).

The values in the parentheses show the range of error bars. The parameter R? represents the confidence of the fitting, which is defined as the
ratio of the sum of squares of the regression (SSR) and the total sum of squares (SST).

from Eq. (S.23). Then we turn to the correlation function near the phase boundary.

The long-range behavior of the correlation functions is governed by the properties of the integral in Eq. (S.24). In Fig. S2, we
numerically plot Fy and F, with (poUg, poUr) = (%, 1) and pgdUg = 1 x 10~* < 1. F} is fitted by an oscillating exponential
decay which is shown by the blue curve in Fig. S2(a): F(I) oc sin(l + Z)e~!/¢", where &, = 420.9. F} behaves similarly as
shown by the blue curve in Fig. S2(b): Fy(l) o sin(x + 3{)6_”5’3 with & = 417.6. Here | = %x is the same as in the
previous section. We can see the behaviours of the real and the imaginary parts of the correlation function are very close to each
other. The detailed fitting parameters are shown in Table II.

Furthermore, we numerically calculate the dependence of the correlation lengths on the deviation pgdUg from the phase
boundary. The correlation lengths of the real part and the imaginary part are shown seperately in Fig. S3. We find that both
of the correlation lengths are inversely proportional to the deviation from the phase boundary, i.e. £~ oc a. To derive the

dependence analytically, we consider the integral fooo t;% with m € C and take the limit of & — oo in Eq. (S.26) since
this limiting procedure will not change the long-range behavior. We have
°° tsin(t d [~ t

sin(tx) cos(tx) _K!(5), (S43)

0 \/t2+m2__% 0 \/t2+m2_

where K, (z) is the v-th order modified Bessel function of the second kind. By substituting the expression for this special
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FIG. S2. (a) Real part F (1) and (b) imaginary part F> (1) of the correlation function near the boundary (see Eq. (S.26)). These two figures are
near the phase boundary with (poUr, poUr) = (£, 1) with podUr = 1 x 107" < landl = I"'UAFOQ”. The fitting parameters are shown in
Table II.

| I310) [ I0) |
7
Fitting Function | 1 (1) = a1 sin(aal — ag)e_é Fitting Function | F>(l) = a; sin(az2l — ag)e” &
ai 0.1287(0.1153,0.1420) ai —0.1292(—0.1285, —0.1299)
az 1(0.9996, 1) az 1(1,1)
as —0.7843(—0.6798, —0.8887) as 0.7810(0.7756, 0.7864)
Z 120.9(349.6, 492.3) 3 117.6(414, 421.3)
R’ 0.9962 R’ 0.9937
TABLE II. The left and right tables show fitting parameters for F (I) and F»(l) near the boundary, respectively. Here (poUr, poUr) = (£, L)

with podUpr = 1 x 107* < 1. The values in the parentheses are the corresponding error bars. The parameter R? represents the confidence of
the fitting, which is defined as the ratio of the sum of squares of the regression (SSR) and the total sum of squares (SST).

function, we have for x — oo

o tsin(xt) e~ ™ exp[—Re(m)x — ilm(m)zx]
o CVErmE  Vmz vme ' G4
From the definition C'(z) o e~%/¢ of the correlation length ¢ [26], we obtain
¢t ~Re(m). (S.45)
From Eq. (S.24), the parameter m is given by m = a + 7. Hence, the relationship between £ and a is given by
Eoxal, (S.46)

which agrees with our numerical simulatiion results in Fig. S3. From the expression of a in Eq. (S.42), we can see that the
correlation length is inversely proportional to the deviation from the phase boundary €1 oc 6Ug, which indicates the critical
exponent v = 1 from the definition £ o (6U)~" [26]. However, on the real axis of the interaction strength U, this analysis fails
because ImA = 0 on the whole real axis. From Eq. (S.22), the correlation function for U; = 0 is proportional to
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FIG. S3. Dependence of the correlation lengths & and & on podUr < 1. Here we use the function f(x) = £ to fit the data with
a = 0.08815(0.08784,0.08846); 0.08985(0.08957,0.09014) and R? = 0.9990; 0.9992, respectively.

°° tsin(xt)
0o V42

where we redefine t = 5—’; and s = ReAq. On the real axis, the real part of the gap is given by

C(x) x (S.47)

“p (S.48)

s =ReAy = —
Slnh(poUR)

1
poUr

For Ur — 0, we have s = wpexp(— ) — 0 and thus the correlation length is given by

&1 o exp(— ). (S.49)

poUr
We can find that the correlation length cannot be represented by the polynomial form of §Ugr, which indicates that the critical

behavior on the real axis is indeed different from that on the upper half complex plane with U; # 0. As shown in Sec. , this
difference in the critical behavior can be understood from the RG flow.

Thermodynamic Quantities on the Phase Boundary

In this section, we calculate critical exponents associated with non-analyticity of thermodynamic quantities on the phase
boundary. The condensation energy of the non-Hermitian BCS model is given by [22]

— _L 2 _ “r 2 9
Ab = Ug +iU; (ImA,) N/_WD €k po (M |§k|) : (S.50)

Note that here we have subtracted the energy of non-interacting fermions from the energy (S.50). The integration is seperated
into two parts. The second term of the integral is given by

2P0/ dérér = pow?) - (S.51)
0
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The first term on the phase boundary is given by

= "V dewpor g + 07 = 2 / " depor /€2 — (ImAo)?

We first focus on the real part of the energy. Since

wp WD
Re [—2 dékpor/ & — (Imﬁo)ﬂ = —2/ dépor/ €2 — (ImAg)?
0 ImAg
1. 2UR 1 Ugr
= (—2po) (ImAg)? | ~sinh — = S.52
(=2p0) (Im&o) LSIH <P0|U|2) 2P0|U|2]’ ( )
the real part of the energy is
Ur 2 21 . 2UR 1 Ug 9
Re[AE] = —N—= (ImAp)” — 2N po (ImA —sinh - = N
e[ ] |U|2(m 0) PO(m 0) 4SlIl p0|U|2 2p0‘U|2 + N powp
1 2 . 2Ur
=N 3 — = (ImA h( ——
oo = tma o (55 )
1 smh( 2>
— Npow? |1 2%””” (.53)
oo (28]
In a similar manner, we calculate the imaginary part of the condensation energy on the phase boundary as
N 9 IHIAO
MIAE] = ~ T (<Up) (o) 2N [ déuy /& — mado
UP 0 g
QU]N 2 2 ™
= ImAg)” — 2N pg (ImA —
20 (ImA,) po (ImAg)™ x 1
N o | 2U;
2o m” | ]
—-0. (S8.54)

Thus the imaginary part of the condensation energy vanishes on the phase boundary.
We here relate the order y of Yang-Lee zeros with the non-analycity of the condensation energy. According to the definition
of the order of the Yang-Lee zeros in the main text, we have

N Bwp (S.55)

meosh( \U|2)
at absolute zero. Using Eq. (S.53), we find

TX y2y,

AE = 4Npowh(1 — (/1 — 4(5
wp

(S.56)

Since pﬁigp — oo near U = 0, the expressions for the condensation energy and the order of Yang-Lee zeros can be simplified
as

Ur
AE = Npowhe “7lUF x /8 = —e e (S.57)
Thus, we have
N
AE = ﬂon X2 o (x/B)?, (S.58)

which means that we can read the condensation energy along the real axis from the order of Yang-Lee zeros on the upper half
complex plane. From this power-law relation, we define the critical exponent ¢ as x/3 o (AE)? and obtain ¢ = 1/2.



S10

Next, we show that the compressibility exhibits critical behavior near the phase boundary. The compressibility is defined by

K= 2275 where £, = € — pand F' = fflogZ is the free energy of the Bogoliubov quasiparticles. We have
A “ a3
K= — s = —N podé—— 575 - (8.59)
2 (& +AR)Y2 —wp (& + A5)%/2

Firstly, we consider the compressibility at points on the phase boundary. By substituting the gap in Egs. (S.9) and (S.11) into
the compressibility (S.59), we can rewrite it as

ImAg)?
K= N/ podéa g ((I;‘ AO)) e (S.60)

This integral diverges since ImAy < wp for all the points on the boundary. Hence, the compressibility exhibits singularity at
each point on the boundary. This cannot occur in the Hermitian case since the integral in Eq. (S.59) is finite for a real gap A.
Near the phase boundary with an infinitesimal deviation U, we obtain

(ImA0)2
— (ImAy)2 + 2iReAgImA)3/2

—N/ pods - 1 - (S.61)

~N d
K~ / Po fk 1+ 2iReAy/ImA)3/2

where A := cosh ( \U|2) Since the points near the value s = 1 dominantly contribute to the integral, we expand the integral

around this point as

e 1 1 1
ds —_ - : $.62
/0 oS0 955 + 2ia)3/2 e Ve (5:62)

where ¢ is a positive constant. Under the limit a — 0, the integral is propotional to a ~'/2. Hence, we obtain the critical exponent
¢ = 1/2, which is defined as k ~ (6U)~¢ near the phase boundary.

We note that the critical exponents n and ( are not independent. Here we show the relation between 7 and ( for the energy
spectrum that can be expanded as (k — kg)'/™ around a gapless point k = k. When n is an integer, such dispersion relation
appears near an n-th order exceptional point in non-Hermitian systems [40]. For those energy spectra, the long-range behavior
of the correlation function takes the form as

C(x) oc 2+ (S.63)
From the definition of the anomalous dimension, we find n = 1 — % Similarly, we find that the critical behavior of the
compressibility near the phase boundary is
/ ! d¢ 1 x (§U) "t (S.64)
K o< n .
2R @ T 2iReAyImAG)2 +

which indicates that = 1 — 1/n. Thus, we have
n="C. (S.65)

Finally, we discuss the dynamical critical exponent z. From the definition of dynamical critical exponent z in Ref. [26], we
here define it as

ReAg ox €77, (5.66)
By referencing (S.40) and (S.46), we obtain
ReA o« &1 o 6U. (S.67)

Hence, we have z = 1.
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Pair Correlation Function

The pair correlation function is defined by
pa(r101, 12003 Th 0 Thot) = ek (r1)el, (ra)coy (vh)cor (P) R - (S.68)

Here we set 71 = 7o = R and r] = r}, = 0 to consider the correlation between two Cooper pairs. Without loss of generality,
we assume o1 = o =T, 09 = 0 =]. With Wick’s theorem, we can simplify the pair correlation function as

p2(RT.R ;01,0 1) = L(c{(R)c| (R)e,(0)er(0)
= L{{(R)e] (R) re{cy(0)er(0) r + L{cL(R)er(0)) (e (R)e (0))r - (5.69)

As shown in Eq. (S.38), the second term in Eq. (S.69) decays as | R| /2 on the phase boundary. Thus, in the limit of | R| — oo,
the pair correlation function is given by

A pa(R 1R 101,0) = £(e}0)e| 0 ey (0)er (0)r

1
=2 > plehel ) rele ko icrat) R

k1,k2
Ao\’
=|— , S.70
() (570
where we have used the translational invariance and the definition Ay = —% > kL (c_kicrt)r- We note that the long-distance

limit of the pair correlation function does not vanish on the phase boundary:

(Ion)Q

o #0. (S.71)

|R|—00

This non-vanishing behavior of the correlation function at the critical point is due to the non-Hermitian nature of the critical
phenomenon. In fact, in nonunitary critical phenomena, the correlation function at the critical point can diverge as a function of
the distance rather than decay [4].

Renormalization Group Theory of Non-Hermitian BCS Superconductivity

Here we consider the renormalization-group (RG) flow of the interaction strength to elucidate that the Yang-Lee singularity
corresponds to the RG critical line. The one-loop beta function 31 (U) is given at the order of U? by [27, 39]

dVv ST
=V =), (8.72)

where dt = — % is the relative width of the high-energy shell, = is the cutoff of the energy &g and V' = poU is the dimensionless
interaction strength. Here ¢ is considered as the RG-flow parameter. We take the two-loop correction into account and consider
the terms of the order of U3. After the two-loop calculation, we will see that the RG equation reproduces the phase boundary
shown in Fig. 1 in the main text.

Up to just one integral over the momenta, the higher-order contribution to the beta function comes from the correction for the
high-momentum propagator. Actually, the self-energy for the high-momentum propagator shown in Fig. S4 is given by

dw U

aw w0t _ _
P §k€ U0(—&k), (S.73)

S(k, Q) =

where 2 is the frequency for the external leg. Here we introduce a factor 0" to ensure the convergence [27]. Therefore, the
propagator is modified as

1 n UO(—&k)
0-& Q-2

Gk, Q) = (S.74)
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FIG. S4. Feynman diagrams for the self-energy correction and the renormalization of the interaction strength. The right diagram is the BCS
diagram.

By including the self-energy diagram in Fig. S4, we can find the corrected contribution from the BCS diagram. After integrating
out the energy shell (—Z, —=Z + d=) of &, we obtain the two-loop correction 82(U) to the beta function as

1 _ [/ [d2 U 1 Q1 U
B2(U) = 5p0=U (/%r(iQE)Q iQE+/27riQE(iQ+E)2) (5.75)
27173
:_%, (8.76)

where we define py = 1/(2Z2) since % Yor =1 = [ podé is satisfied [22]. Hence, the RG equation up to two-loop order is
written as

av 1_.

— =V?- V3. S.77

dt 2 (5.77)
The RG flow diagram for Eq. (S.77) is shown in Fig. S5(c).

As can be seen from Eq. (S.77), the RG flow has a nontrivial fixed point at V' = 2 and a critical line depicted as the blue curve
in Fig. S5. This critical line separates the whole space into two phases, with one flowing to the origin and the other flowing
to the nontrivial fixed point. The analytical expression for the critical line can be derived as follows [28]. We rewrite the RG
equation (S.77) as

dVgr 1 3
W = V]% - VI2 - §VH§ + §VRV127 (878)
dvy 3. o 1 4

where Vi = Re(V), V; = Im(V). On the critical line, the interaction parameter flows towards Vz = 2, V; = oo, which can

be derived from the condition % = 0 with V; — oo. The specific expression of the critical line can be obtained through
integration of Eq. (S.77) as
1 1 1 1 1 1
t=——+-InVi - —m@2-VH+ = -V 4+-In2-V S.80

where the superscript f denotes the final value of the interaction parameter. Since VIf — oo and Vlg — % on the critical line, the
imaginary part of Eq. (S.80) reads as
m V[ 1 V] 1 V]

0= — — ——— — - arctan — — = arct :
B) VI% —‘,—‘/}2 5 arctan VR B arctan 5_ VR

(S.81)

This is the equation defining the phase boundary. Around the origin, the expression of this critical line (S.81) can be expanded
as

Vi

Vs
0=——" +—,
V,%+VI2+2

(S.82)
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FIG. S5. Canonical RG flow for coupling strength V' for general Hermitian and non-Hermitian Hamiltonians with the RG flow equation

% = aV? 4+ bV3. Inthe diagram (a) and (c), the parameters are set to be ¢ = 1 and b = —1/2. In the diagram (b) and (d), the parameters

aresettobe a = —1 and b = 1/2. For b > 0, there is neither a nontrivial stable fixed point nor a critical line.

which is consistent with the phase boundary (S.10) obtained from the mean-field theory. The RG result confirms the validity of
the mean-field analysis.
By taking Vftobe pure imaginary, we obtain the energy scale T}..., that characterizes the reversion of the RG flow [28]:

. . f
=4 1ln‘/}f il - lln(4+ (VH?2) - 3(27rfarctanﬁ) + 1 1anJr %ln(? -V). (S.83)

t =
vi o2 4 4 2 27V 2

If we assume |V| < 1, the above equation (S.83) can be rewritten as

1 7 1 Vi Vi 1 Vi1 Vi
0= VIf + Z + 5 arctan 7 — W — 5 arctan 7R — 5 arctan(2 — VR), (884)
44 (Vf)?
et = V) exp(— Vr )( 14 )%. (S.85)
vi VE+VE 2 -V

From the second equation, we have the reversion temperature Tyecy, at which the RG flow reaches a point (0, Vlf ) on the
imaginary axis:

4+ (Vf)? 1% vl
Trecur ~e Tt = - R 2. S.86
¢ VI “M‘g+wxp_w) (5.86)
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Near the phase boundary in which Vlf > 1, we can obtain the simplified expression for the reversion temperature as

- Vr V] 1
Trecur ~ t= - 2. S.87
Finally, we consider a general canonical RG equation for a marginal interaction V' up to the order of V3:
av
o= aV? +bv3. (S5.88)

In Fig. S5, we show both the Hermitian case and the non-Hermitian case. We find that there are only two types of RG flows for
a marginal interaction. The first type with b < 0 is shown in Fig. S5(a,c). In the Hermitian case, it has a nontrivial stable fixed
point, whereas in the non-Hermitian case, it has a critical line. The second type with b > 0 is shown in Fig. S5(b,d). In the
Hermitian case, it has a non-trivial unstable fixed point, whereas in the non-Hermitian case, it shows no critical line. Hence, we
can see that only the first type of RG flows has a phase boundary and a phase transition.

We can also derive the critical line for the genral canonical RG flow with arbitrary a and b < 0. Integrating Eq. (S.88) with
respect to ¢, we obtain

1 b ¢ b £ 1 b b
t= vt ﬁlnv + pln(a—i—bV )+ P + ﬁan— ﬁln(cH—bV). (S.89)
On the critical line for V; — oo and Vg — — 47, the imaginary part of Eq. (S.89) reads as
br 1V b Vi b bVr
0=—-———— ————5 + — arctan — + — arctan (——————). S.90
ala] " a VI V2 + 5 arctan VR+a2 arctan ( a—f—bVR) (5.90)
Near the origin, this critical line can be expanded as
1%; br
0=—F—F5—— S.91
VAV Jal’ G20

where Vp > 0if a > 0 and Vr < 0 if a < 0, which are both a semicircle.
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