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Supplementary Note 1. NON-HERMITIAN HAMILTONIAN AND BI-ORTHOGONAL RELATIONS

Here we briefly review the framework for working with general non-Hermitian matrices. An n-dimensional matrix
M has n eigenvalues p1, pto, ... . For simplicity we will assume that all of the eigenvalues are distinct, i.e. p; # p
if j # k. In this case M will have n right eigenvectors and n left eigenvectors associated with each f1;:

MRy = pilty,  (uf|M = (vF|u; (1)

To make sense of the left eigenvectors, note that M T|v;-*> = u§|v§“>, thus the left eigenvector is the eigenstate as if loss

is changed to gain and vice versa. Since M is in general non-Hermitian, there is no guarantee that |v§“> = |v})‘>, and
many of the decomposition results that hold in the Hermitian case will fail. However we note that,

pi vy o) = (0 [Mvg) = p o3 og) = (WFlvd) =0, Vi # k (2)

Thus left and right eigenvectors associated with different eigenvalues are bi-orthogonal. We also note that the right
eigenvectors are complete and form a set of basis (as M is non-degenerate and finite-dimensional), and we can
decompose the identity matrix and M as follows:

1= Z |UJR><U;J| (3)
= (vylogt)

R
M = Z mﬂj (4)

L

where each term is a “projector” onto the eigenvectors. Again we note that (v |v}°”> may be negative and even complex,

J
which results in special normalizations of the vectors. For simplicity we will choose <’U]L |ij> = 1 by rescaling the vectors
and adjusting the relative phase (such vectors are sometimes said to be bi-orthonormal). With this normalization in

place the above decompositions simplify further as follows:
1= [o)(wh| (5)
J
M=) ) | (6)
J

We note that, as a result of using bi-orthonormal left and right vectors, the vectors, themselves, are not normalized,
ie. (v7|vy) and (vjt|v}t) need not be 1 for each j. There is one extra degree of freedom per mode for fixing the lengths,
but the length normalization factors do not affect the physical observables if such factors are kept consistently through
the calculations. In Supplementary Note 3 a “natural” normalization will be chosen when we give a physical meaning

to these factors.

Supplementary Note 2. PETERMANN FACTOR OF A TWO-DIMENSIONAL HAMILTONIAN

Here we derive the Petermann factor of a two-dimensional Hamiltonian H. Denote the two normalized right (left)
eigenvectors of H as [1f) and [8) (|}) and [¢F)). The Petermann factors of these two eigenmodes can then be
expressed as [1]

PF1 = (17 (¢1 |41 (7)
PFy = (45 [93) (5 [15) (8)
We will first prove that PF; = PF5, which can then be identified as the Petermann factor for the entire system. Note

that |}) and |[¢}) are orthogonal and span the two-dimensional space. As a result, the identity can be expressed
using this set of basis vectors as follows:
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Now apply this expansion to [1}) and obtain

1 (W3 eT)
(Wr|vr) (P55

where (¢Y[y)R) = 1 has been used. Left multiplication by (11| results in

O a2 5 X A
WEOE T (W)

) = lr) + |5 (10)

(Wit = (11)

Thus we obtain,

1 R e
PR, Wl (o)

which is symmetric with respect to the indexes 1 and 2 and thereby completes the proof that PF; = PFy = PF.

Next, PF is expressed using the Hamiltonian instead of its eigenvectors. We begin by noting that the identity
operator added to the Hamiltonian will not modify the eigenvectors. As a result, the trace can be removed from H
without changing the value of PF:

(12)

Ho=H — %Tr(H) (13)

where Tr is the matrix trace and Hy is the traceless part of H. Using the bi-orthogonal expansion, Hy has the form,
Ho = p([91)(wr] — [v2) (vz]) (14)

where 1 is the first eigenvalue. Consider next the quantity Tr(H(J)rHO):

Te(H{ Ho) = [u> (0T [01) (T 1) + (05 [05) (W5 105) — (R Ier) () — (rlvy) (5 |v) (15)

where we used the fact that Tr(|a)(8]) = (B]a). To simplify the expression, note that each of the first two terms
equals PF. Moreover, the third term can be evaluated by expressing |¢}) as a combination of right eigenvectors using
Supplementary Eq. (10):

(U1 [95) (W3 |vit)

<w§|,{/}£{> <¢If|1/){“> =PF -1 (16)

— (W3 [ey) Wil =

Similarly, the fourth term also equals PF — 1. Thus
Te(H{ Hy) = |ul? (4PF — 2) (17)

Finally, to eliminate the eigenvalue p we calculate,

Tr(Hg) = p? (1191 + (5 lv5)?) = 2u° (18)
and the PF can be solved as
_1 Tr(H{ Ho)

which completes the proof.

We note that while a Hermitian Hamiltonian with Hg = Hj results in PF = 1, the converse is not always true.
Consider the example of Hy = io, where o, is the Pauli matrix. This would effectively describe two orthogonal modes
with different gain, and direct calculation shows that PF = 1.



Supplementary Note 3. FIELD AMPLITUDE AND NOISE IN A NON-ORTHOGONAL SYSTEM

Here we consider the physical interpretation of increased linewidth whereby the effective field amplitude decreases
while the effective noise input increases as a result of non-orthogonality. This analysis considers a hypothetical laser
mode that is part of the bi-orthogonal system. It skips key steps normally taken in a more rigorous laser noise analysis
in order to make clearer the essential EP physics. A more complete study of the Brillouin laser system is provided in
Supplementary Note 4.

The two-dimensional system is described by the column vector |¥) <+ (Gew,Geew)? Whose components are the
orthogonal field amplitudes acy and aeew. The equation of motion reads id|V)/dt = H|¥), where H is the two-
dimensional Hamiltonian. Now assume that |¥) = ¢;[1/R), i.e. only the first eigenmode of the system is excited. We
interpret c; as the phasor for the eigenmode. We see that |c;|? = (¥|U)/(yE|yR) is reduced from the true square
amplitude (¥|¥) by a factor of the length squared of the right eigenvector (1f|)1). The equation of motion for ¢
reads

v
901 M) b b lyes = e (20)
Here, we are assuming that the mode experiences both loss and saturable gain that are absorbed into the definition
of the eigenvalue pp. To simplify the following calculations we set the real part of pp to 0, since any frequency shift
can be removed with an appropriate transformation to slowly varying amplitudes.
To introduce noise into the system resulting from the amplification process the equation of motion is modified as
follows: id|W)/dt = Ho|¥) + |F). Here, |F) <+ (Few(t), Feew(t))T is a column vector with fluctuating components.
The noise correlation of these components is assumed to be given by,

(Fow () Fen(#)) = (Foeu(t) Feew (') = 03(t — ') (21)
(Fow(®)Feen (1)) = (Foew () F e () = 0 (22)

where 6 is a quantity with frequency dimensions. We note that the assumption of vanishing correlations between
the fluctuations on different modes is not trivial. Even if the basis is orthogonal, the non-Hermitian nature of the
Hamiltonian means that dissipative mode coupling will generally be present in the system. This will be associated
with fluctuations that can induce off-diagonal elements in the correlation matrix. In the system studied here, we
will show in Supplementary Note 4 that the main source of noise comes from the phonons and fluctuations due to
the non-Hermitian Hamiltonian are negligible, thereby justifying the assumption made here. Taking account of the
fluctuations, the equation of motion for ¢; can be modified as follows,

dc —
= lmles+ WYF) = ~lmler + F (23)

where the fluctuation term for the first eigenmode is defined as F; = (y}|F). Its correlation reads

(FIO)F1(t) = 0T 1gr)é(t —¢) (24)

which, upon comparison to Supplementary Eq. (21), shows that the noise input to the right eigenvector field amplitude
(c1) is enhanced (relative to the noise input to either the cw or ccw fields alone) by a factor of the length squared of
the left eigenvector (p*|yl).
We are interested in the phase fluctuations of ¢;. Here, it is assumed that the mode is pumped to above threshold
and is lasing. Under these conditions it is possible separate amplitude and phase fluctuations of the field. We rewrite
= |e1]| exp(—i¢.) and obtain the rate of change of the phase variable as follows:

dt - 2‘01‘

4o ! (Fle —Fle” if) (25)

which describes white frequency noise of the laser field (equivalently phase noise diffusion). The correlation can be
calculated as

(Ge(t)de(t)) =

¢ Ly, L Ly, L / 0 /
P St—t) = 0(t—t)=PF x ————6(t —t¢ 26
where the non-enhanced linewidth is Awg = 6/(2(¥|¥)) [2] and the enhanced linewidth is given by Aw = PF x Awy.
From the above derivation, the PF enhancement is the result of two effects, the reduction of effective square amplitude

(le1)? = (O|W) /(1pR}]p1)) and the enhancement of noise by (¥¥|w).



Up to now we have not chosen individual normalizations for (p}|¢}F) and (1R*[pR) as they appear together in the
Petermann factor. Motivated by the fact that left and right eigenvectors can be mapped onto the same Hilbert space,
we select the symmetric normalization:

Wt = (WY = VPF (27)

With this normalization the squared field amplitude is reduced and the noise input is increased both by a factor
of V/PF, resulting in the linewidth enhancement by a factor of PF. We note that other interpretations are possible
through different normalizations. For example, in Siegman’s analysis (¢Y|¢}F) = PF and (R*[yF) = 1 is chosen, and
the enhancement is fully attributed to noise increase by a factor of PF [1] .

Supplementary Note 4. LANGEVIN FORMALISM

Here we analyze the system with a Langevin formalism, which includes Brillioun gain, the Sagnac effect and the Kerr
effect. An Adler-like equation will be derived that provides an improved laser linewidth formula and an expression
for the locking bandwidth dependence on the field amplitude ratio.

First we summarize symbols and give their definitions. For readability, all cw subscript will be replaced by 1 and all
ccw subscript will be replaced by 2. The modes are pumped at angular frequencies wp 7 and wp 5. These frequencies
will generally be different from the unpumped resonator mode frequency. The cw and ccw stimulated Brillouin lasers
(SBLs) oscillate on the same longitudinal mode with frequency w. This frequency is shifted for both cw and ccw waves
by the same amount as a result of the pump-induced Kerr shift. On the other hand, the Kerr effect causes cross-phase
and self-phase modulation of the cw and ccw waves that induces different frequency shifts in these waves. This shift and

the rotation-induced Sagnac shift are accounted for using offset frequencies dwy = —n (a%cq + Qa%ag) — QwD/(2ngc)

and dws = —n (agag + Qa%aT) + QwD/(2ng4c) relative to w, where n = nahw?c/(Vnd) is the single-photon nonlinear
angular frequency shift, no is the nonlinear refractive index, V' is the mode volume, ng is the linear refractive index,
c is the speed of light in vacuum, £ is the rotation rate, D is the resonator diameter and ng is the group index.
Phonon modes have angular frequencies Qphonon = 2wnovs/c where vy is the velocity of the phonons. The loss rate of
phonon modes is denoted as I' (also known as the gain bandwidth) and the loss rate of the SBL modes are assumed
equal and denoted as . In addition, coupling between the two SBL modes is separated as a dissipative part and
conservative part, denoted as k and x, respectively. These rates will be assumed to satisfy T' > ~v > |k|, | x| to simplify
the calculations, which is a posteriori verified in our system. In the following analysis, we will treat the SBL modes
and phonon modes quantum mechanically and define a7 (a5) and by (bg) as the lowering operators of the cw (ccw)
components of the SBL and phonon modes, respectively. Meanwhile, pump modes are treated as a noise-free classical
fields Ay and As (photon-number-normalized amplitudes).
Using these definitions, the full equations of motion for the SBL and phonon modes read

a7 = — (% + tw + iéwf) ag + (k+ iX)CL§ - igabAibieXp(_in,it) + Ff(t) (28)

a5 = — (% +iw + i5w§) az + (K" +ix")ag — 1gab At bt exp( iijt) + F5(t) (29)
= (L i bl + igap Arag expliwp 1t) + f1(1) (30)
T = 9 phonon T Jab 192 p P,1 T

= (L i bl + igap AZar exp(iwp 5t) + f1(1) (31)
5 = D) phonon 5 YJab %1 p P2 2

where g, is the single-particle Brillioun coupling coefficient. The fluctuation operators F'(¢) and f(t) associated with
the field operators have the following correlations:

(FI(6)Fr(t')) = (FJ(8)F(t')) = 7Nud(t — 1) (32)
(Fr() FL(t')) = (Fg()FL (1)) = 7(Nuw + 1)3(t — t') (33)
L) f18) = (FH 0 f5(8) = Trand (e — ¢) (34)
(@) 1) = (f2(0) 1) = T(na + 1)5(t — ') (35)

where Ny, and ny, are the thermal occupation numbers of the SBL state and phonon state. In addition, there are



non-zero cross-correlations of the photon fluctuation operators due to the dissipative coupling:

(FI(t)Fr(t')) = =26 Ny (t — t') (36)
(FI(t)F5(t')) = —2K" Newd(t — ') (37)
(F5(t)FI(t')) = =2k (Nuy + 1)d(t — 1) (38)
(Fr(t)FI(¢)) = —2k(New + 1)8(t — t') (39)

All other cross correlations not explicitly written are 0.

4.1. Single SBL

We first study a single laser mode and its corresponding phonon field (a7 and bs) by neglecting x and x. By

introducing the slow varying envelope with a; = age™™* and by = fze " (“r2=) the following equations result:

dT = — (% + ’LéWT) o1 — igabA§B% =+ FT(t)eth (40)
. r ; . * —i(wp 5—w
ﬁ% =- (2 + zAQQ> B% + igap A0 + f;(t)e (wp z—w)t (41)

where we have defined the frequency mismatch AQ5 = Wp3 — W — Qphonon- Neglecing the weak Kerr effect term in
dwy this is a set of linear equations in ag and bz. The eigenvalues of the coefficient matrix

—7/2 = idwy —igap Az (42)
igabA% —T/2 - iAQ5
can be solved as
1 . . 2 2 . . 2
fz =7 I — v — 2idwy — 2iAQ5 + \/1Ggab\A§| + (T — v — 2idwy + 2iAQ5) (43)

At the lasing threshold, the first eigenvalue pq has a real part of 0. This can be rewritten as
1692, | A5|? 4+ (T — v — 2idwy 4 2iA05)% = (T + v + 2idwy + 2iAQ5 + 4ilm(u;))? (44)
Solving this complex equation gives the SBL eigenfrequency as well as the lasing threshold,

A0 + Tdwy

= 4
H1 T+~ (45)
Ty A(AQ5 — dwy)?
2 2 2 1
gab‘A2| Ty <1 + (F +’Y)2 (46)

The threshold at perfect phase matching (AQ5 = dwy) is usually written in a more familiar form go| A5|? = 7/2, where
go is the Brillouin gain factor [3]. Comparison gives

r
Gab = 907 (47)

We also introduce the modal Brillioun gain function for a single direction:

go
T = T 40wy — A% /(T +7)?

Il
—

=~

co
~—

so that the threshold can be written as

g1l Az = (49)



With the threshold condition solved, the matrix can be decomposed using the bi-orthogonal approach outlined in
Supplementary Note 1. The linear combination that describes the composite SBL mode can be found as
_ r .Gad 2
_ - — 2%
To 55T |7 ' T 142i(A0; — dwp) /(T + 7)

AzpL (50)

where the factor I'/(y +T') properly normalizes @ so that @3 = a7 when only the SBL mode is present in the system,
and we have dropped its dependence on the phase mismatch AQ5 — dwy for simplicity. The associated equation of
motion is

d fyAQ + Dowy —

70T =~ 7F+7 a7+ Fi(t) (51)

where the frequency term now includes a mode-pulling contribution so that the SBL laser frequency is given by,

n ’}/AQ§ + F(SOJT

'+~ (52)

Ws1 =

Also, we have defined a combined fluctuation operator for @,

, 1- 2i(AQ - &w =
1 iwt . 1 T z(wp s—w)t
Fi(t)e Z\/l 2i(AC Sry) f ] (53)

— r
Fi(t) = po

with the following correlations,

FHOF) = (—5) (HORO) + 2HOR) = (—5) v+ ¥wie-) 6

2 2
T Nyt r ( + v ) I ’
Tt F7(t) = | —= Fr(t)FL(¢ =——= N, 2)6(t—t 55
FOF) = (5 ) (OF W) + L0 = (55 ) A0+ N+ 266 -¢) (59

We can now write @7(t) = \/Nyexp(—igt), where Ny is the photon number, ¢7 is the phase for the SBL, and where
amplitude fluctuations have been ignored on account of quenching of these fluctuations above laser threshold. We
note that amplitude fluctuations may result in linewidth corrections similar to the Henry « factor, but we will ignore
these effects here. The full equation of motion for ¢5 is

o1 =wg1—w+Pp(t), Pr(t) = z\ﬁ Fy(t)e't — Fi(t)e ") (56)
The correlation of the noise operator is given by,
, L=t o T (YL (4! r ’ . !
(@1()21(t)) = 7= (FT(O) F7(t)) + (Fr(t) F1(t)) = | = ) 57z (e + New +1)0(t — 1) (57)
AN v+T) 2Ny
T
and we identify the coefficient before the delta function,
r 2 ~

Awpwpn 1 = (’HF) o, ——(ngn + Ngn + 1) (58)

as the full-width half-maximum (FWHM) linewidth of the SBL.
In the experiment, the frequency noise of the SBL beating signal is measured. To compare against the experiment,
we calculate the FWHM linewidth for the beating signal by adding together the linewidths in two directions:

r \>/ 1 1

Awrwam = Awpywiy 1 + AWpwhmzs = (M) <2N1 + 2N2) Y(ngn + Nen + 1) (59)

and then convert to the one-sided power spectral density S, :

1 AwFWHM T 2 771,03 1

_ — ( +
v+T

S, = (nth + Nip + 1) (60)

T 2

1
42 QT ch cw Pccw

where Q1 and Q. are the loaded and coupling @ factors, and P, and P.., are the SBL powers in each direction.



4.2. Two SBLs

Now we can apply a similar procedure to the two pairs of photon and phonon modes with coupling on the optical
modes. We write the equations of motion for the SBL modes:

d_ . r _

Pt —z(wsj —w)ag + ﬁ(n +ix)ag + Fy(t) (61)
502 = —z(wsj —w)ag + m(lﬂ +ix")ag + F5(t) (62)

where quantities with the opposite subscript are defined similarly. We note that the coupling term involves the optical
modes a7 and o5 only. However, no additional coupling occurs between the other components of the SBL eigenstates
a7 and @, and these states do not change up to first order of x/v and x/vy. Thus we can approximate the optical
mode ag with the composite SBL mode @;. Within these approximations the lasing thresholds are also the same as
the independent case [4]. The equations now become

d , _ S 1]
701 = ~ilws 1 —w)ar + (R +ix)az + F(t) (63)
d . — —% sk — al
7307 = ~ilwgy —w)ag + (F" +ix")ar + F5(t) (64)
where we have deﬁned mode—pulled coupling rates & = xI'/(y +T) and ¥ = xI'/(y + T).
We can write @;(t) = y/N; exp(—i¢;) with j = 1,2, and once again ignore amplitude fluctuations. The equations
of motion for the phases are,
d o _ . _ ,
0T = s ) = (R + R s (P Fi(pe ) (63)
d . _ , _ ,
by = (g3 — )~ Tml(R" + i )el5" wH] + e (Fy(t)ei®s — Fh(t)e%) (66)
2

where we have defined the amplitude ratio ¢ = /N5/Ny for simplicity. As we measure the beatnote frequency, it is
convenient to define ¢ = ¢5 — ¢y from which we obtain,

¢
dt

where the combined noise term and its correlation are given by

= (wgz —ws1) +Im {[g(F +iX) + ¢ (K —ix)] e "} + @(¢ (67)

Fy(t)e'®s — Fi(t)e 97) (68)

2\/@(2

@ = (1) — Fr(t)e™1) +

"

@ew) = (1) [(;V 337 ) O+ 1)+ e (Nt 3 Re(newﬂ S-1)  (©9)

Since both Ny, and /7 is small, we will discard the last time-varying term and write
<(I)(t)(D(tl)> ~ AwFWHM(S(t — t/) (70)

where Awpwaym = I?/(y + I)?[(2N7) 7! + (2N5) 7'9(Nin + nen + 1) is the linewidth of the beating signal far from
the EP (see also the single SBL discussion).

This equation can be further simplified by introducing an overall phase shift with ¢ = ¢ — ¢g, where ¢g =
Arg [q(R +iX) + ¢~ ( — iX)] and Arg(z) is the phase of z:

d
d(f Awp — Awgp sin ¢ + ®(t) (71)
with
~ r wD
Awp =wg35 —Ws T = m(ij —wp3) + T+ n(Ng — N7) + @Q (72)
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(a+ f]) o+ (4 j}) 42 (- ) Im(nx*>] (73)

This is an Adler equation with a noisy input. It shows the dependence of locking bandwidth on the amplitude ratio
and coupling coefficients. Moreover, it is clear that in the absence of Awgp, the beating linewidth would be given by
Awpwam. The locking term Awgp sina makes the rate of phase change nonuniform and increases the linewidth.

The following part of analysis is dedicated to obtain the linewidth from this stochastic Adler equation. We define
zp = exp(—ig) and rewrite

F 2
A 2 — o 1= = 2 _ ( )
wip = |q¢(F +iX) + ¢~ (K — ix)| IT

-1
d Zp — %
£Z¢ = —iZ¢(AUJD + Apr ¢ % ¢

The solution to the Adler equation is periodic when no noise is present. To see this explicitly we use a linear fractional
transform:

+ D) (74)

. (Awp — Aws)zp + iAwgp Y= i (Awp — Aws)z — Awgp 26| = |2e] = 1 (75)
"7 Awppzg +i(Awp — Aws) YT Awppz — (Awp — Aws)’ T T

1d . Awgp (2t + 2, 1) /2 — Awp

s — iAW — P

S = s Aox (76)

where we introduced Awg = \/Awd — Awzp (which has the same meaning in the main text). The noiseless solution
of z; would be z; = exp(iAwst), and z,4 can be expanded in z; as

Awp — Awg CAws = [ Awp — Aws\?
S 2
! Awgp + ZAWEP Z

p=1

Z¢ AWEP oy (77)

where we have assumed Awp > Awgp for convenience so that convergence can be guaranteed (For the case Awp <
—Awgp we can expand near z; = 0 instead of z; = 00). Thus the signal consists of harmonics oscillating at frequency
pAws with exponentially decreasing amplitudes. The noise added only changes the phase of z; (as the coefficient is
purely imaginary) and to the lowest order the only effect of noise is to broaden each harmonic.

The linewidth can be found from the spectral density, which is given by the Fourier transform of the correlation
function:

Wi (w) o Fr{{z5(t)z(t + 7)) }(w) (78)

and the correlation is given by

2 o]
Awp — Awsg Ly Au;% Z Awp — Awsg
Apr AwEP -

(25(t)zo(t + 7)) = ( ) (bt + 7)) (79)

where we have discarded the (z;:(t)Pz:(t +7)79) (p # q) terms since they vanish at the lowest order of Awpwmm.

To further calculate each (z;(t)Pz(t +7)~P) = Cp(7) we require the integral form of the Fokker-Planck equation: if
dX(t) = w(X,t)dt + o(X,t)dW is a stochastic differential equation (in the Stratonovich interpretation), where W is
a Wiener process, then for f(X) as a function of X, the differential equation for its average reads,

d B o do ., 1 5.,
D) = (ot T9T)F00) + (505" (X) (30)
Applying the Fokker-Planck equation to Cp,(7), with the stochastic equation for z;, gives
olT) _ _plitssatpa(t +7)77)
A —1
| Berwinn (2D T ALY (Awppze(t + 1) — Awp) | ()P z(t + 7))
2Awg 2
A t St 2
_p(p+1)<“’F7WI2{M AwEPZt( +7)+2 (t+7) —Awp ) 2Pzt + 7)) (81)
2Awg 2
Awd + Awd, /2
=~ 7Z'pAwS — pZL(;EP/AwFWHM Cp(’r) (82)
2Awg
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and Cp(0) = 1, where again (z;(t)P2z,(t+7) ") (p # ¢) terms are discarded. Thus completing the Fourier transform for
each term gives the linewidth of the respective harmonics. In particular, the linewidth of the fundamental frequency
can be found through

AUpwWHM
Wei(w) x 83
za() (W — Aws)? + Algywn /4 (83)
with
Awd + Awip /2 Awd + Awdp /2
AT _ D EP A _ D EP A 84
WFWHM —Awg WFWHM —Aw% AW, WEFWHM (84)

We see that this result is different from the Petermann factor result, which is a theory linear in photon numbers and
does not correctly take account of the saturation of the lasers and the Adler mode-locking effect.

From the expressions of Awp [Supplementary Eq. (72)] and Awgp [Supplementary Eq. (73)], the beating frequency
can be expressed using the following hierarchy of equations:

Aws = sgn(Awp)y/ Awd — Awip (85)

¥ r
Awp = —— Awp + ——— Awkerr 86
AT B At (86)
Awp =wp1 —Wp3 (87)
nAPspy,
Awgerr = 1(Ng — N7) = o (88)

where sgn is the sign function and we take 2 = 0 (no rotation). For the Kerr shift, APspr, = Peew — Pew is the output
power difference of the SBLs, and ~ex is the photon decay rate due to the output coupling. The center of the locking
band can be found by setting Awp = 0, which leads to Awp = —(T'/7)Awker:-

We would like to remark that the equation for locking bandwidth Awgp in the main text does not contain the
phase-sensitive term Im(xx*). This terms leads to asymmetry of the locking band with respect to ¢ and 1/¢ and has
not been observed in the experimental data. We believe its contribution can be neglected. In other special cases,
Im(kx*) disappears if there is a dominant, symmetric scatterer that determines both s and x (e.g. the taper coupling
point), or becomes negligible if there are many small scatterers that add up incoherently (e.g. surface roughness). This
term can also be absorbed into the first two terms so the locking bandwidth is rewritten using effective k, x and a net
amplitude imbalance gy. Thus power calibration errors in the experiment may be confused with the phase-sensitive
term in the locking bandwidth.

Supplementary Note 5. TECHNICAL NOISE CONSIDERATIONS

Here we briefly consider the impact of technical noise to the readout signal. Two important noise sources are
temperature drifts and imprecisely-defined pump frequencies, both of which change the phase mismatch AQ. For a
single SBL, the phase mismatch is transduced into the laser frequency through the mode-pulling effect [Supplementary
Eq. (52) and (72)], which gives a noise transduction factor of v2/(I'+v)2. With «/T" = 0.076 fitted from experimental
data the mode-pulling effect reduces pump noise by —23 dB. The Pound-Drever-Hall locking loop in the system also
suppresses noise at low offset frequencies. For counter-pumping of SBLs, the pumping source are derived from the same
laser, and their frequency difference is determined by radio-frequency signals, thus the system has a strong common-
mode noise rejection. Within the model described by Supplementary Eq. (72), the SBL frequency is dependent on
the pump frequency difference only, and features a very high common-mode noise rejection. Other effects that are not
considered in the model (i.e. drift of frequency difference between pump and SBL modes) are believed to be minor
for offset frequencies above 10Hz, where the Allan deviation shows a slope of —1/2 corresponding to white frequency
noise.
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