
Open Access This file is licensed under a Creative Commons Attribution 4.0 

International License, which permits use, sharing, adaptation, distribution and 

reproduction in any medium or format, as long as you give appropriate credit to 

the original author(s) and the source, provide a link to the Creative Commons license, and indicate if 

changes were made. In the cases where the authors are anonymous, such as is the case for the reports of 

anonymous peer reviewers, author attribution should be to 'Anonymous Referee' followed by a clear 

attribution to the source work.  The images or other third party material in this file are included in the 

article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If material is 

not included in the article’s Creative Commons license and your intended use is not permitted by statutory 

regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright 

holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 

Peer Review File

Manipulating directional flow in a two-dimensional photonic

quantum walk under a synthetic magnetic field



REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The MS presents a clear experiment in the classical domain. The results are OK but without 

a significant explanation of what are the physical mechanisms for such observation. 

Here are detail comments: 

1-In the abstract, it is written that: "The non-reciprocal dynamics hereof is a manifestation 

of the non-Hermitian skin effect, with its direction continuously adjustable through the 

photon-loss parameters." 

I am not sure if this statement is true. Skin effect is in fact a consequence of non-reciprocity. 

2- Then it is written that "By contrast, the synthetic flux originates from an engineered 

geometric phase, which competes with the non-Hermitian skin effect through magnetic 

confinement. " 

I could not how the synthetic flux competes with NHSE. In what sense? 

3- While the introduction starts with quantum systems none of the refs. 2-9 are quantum 

systems. 

4- Complicated statement with no fine meaning: "The much discussed corner skin effect in 

two dimensions is but a special case here, corresponding to ... " 

5- I am against using the term "non-reciprocal" specifically when there is no "magnetic flux" 

. There is nothing there to be non-reciprocal. The system shows an assymetric pattern which 

is correctly explained in the paper. But calling it non-reciprocal is not correct. So this 

statement needs to be removed "Such a directional flow is the signature of the non-

reciprocal transport. " 

6- I could not find a good explanation for the section "magnetic suppression of NHSE". The 

authors just show what they observe without any supporting discussion. For example, they 

could show the mode competition or mode distribution. Also why \alpha in (0,0.5) shows 



the largest suppression? why not (0,0.75)? There is no explanation of how this range 

becomes important. 

7- I recommend not using "quantum" as there is nothing in the paper about quantum. The 

experiment is a random walker in a discrete lattice. Thus, it is misleading to use the term 

quantum. 

In summary, the abstract needs a lot of work as it is not clearly written. The results are 

presented nicely but there is a significant lack of analytical and quantitative explanations for 

the observations. There are also technical terms that need to be used/removed as they 

provide the wrong message. 

Reviewer #2 (Remarks to the Author):

This work reports the realization of non-Hermitian synthetic lattices supporting NHSE in 

quantum-walk experiments and, by adding effective (synthetic) magnetic flux, the influence 

of the flux on NHSE is experimentally explored. The subject involving quantum walk, 

effective magnetic flux, and also NHSE certainly attracts broad interest in both optic and 

quantum communities. The experimental results are clear to support the conclusions, 

especially the magnetic suppression of NHSE is of great importance for future flexible 

control of light (photons) in higher dimensions. I think this study should be published in high 

impact journal such as Nat. Commun. Here I list some comments for the authors to 

consider: 

1. It should be noticed (as far as I understand), Ref. [43] may have different mechanism as 

that in the current manuscript to build the synthetic lattice. The key difference is that delay 

lines in Ref. [43] guide only a small portion of the energy in each pulse so the experimental 

platform exactly builds a tight-binding lattice. However, in the current work, the platform 

supports two-dimensional photonic quantum walk. Firstly, I think this difference should be 

acknowledged. Secondly, although I can understand how such 2D quantum walk works, it is 

not very clear to me how it can be understood in a tight-binding model as shown in Fig. 1a. 

Further clarification is appreciated. 



2. In Fig. 3e, I see symmetric patterns with alpha from 0 to 0.5. Is there any explanation, as 

the flux is 2pi*alpha and one may expect to see symmetric patterns with alpha from 0 to 1. 

3. The authors envision that their experiment can help study NHSE in higher dimensions. 

However, to the best of my knowledge, the current experimental platform is limited in the 

total number of time bins. If three dimensional lattice is to be studied, then the number of 

time bins is largely increased. Can the authors provide some perspective on this matter? Or 

in other words, will the researchers go to three dimensions in the near future? 

4. Although I am usually fine with the phrase 'quantum walk', I do not see much 'quantum' 

here. The experiment is conducted with classical light (if not, please correct me). Such 

phenomena can also be named as 'random walk'. Probably it will be good to discuss why 

this platform is 'quantum' and can be used for quantum device design.
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Q\ k_Xeb k_\ M\]\i\\ ]fi _\i/_`j mXclXYc\ k`d\, jk`dlcXk`e^ Zfdd\ekj, Xe[ _\cg]lc jl^-

^\jk`fej. Ee k_\ ]fccfn`e^, c\k lj X[[i\jj k_\j\ hl\jk`fej fe\-Yp-fe\.

O_\ HN gi\j\ekj X Zc\Xi \og\i`d\ek `e k_\ ZcXjj`ZXc [fdX`e. O_\ i\jlckj Xi\ JF

Ylk n`k_flk X j`^e`#ZXek \ogcXeXk`fe f] n_Xk Xi\ k_\ g_pj`ZXc d\Z_Xe`jdj ]fi

jlZ_ fYj\imXk`fe. D\i\ Xi\ [\kX`c Zfdd\ekj:

Q\ k_Xeb k_\ M\]\i\\ ]fi #e[`e^ fli \og\i`d\ek Zc\Xi. Ee k_`j i\m`j`fe, n\ dX[\ Xe \"fik

kf gifm`[\ ]lik_\i XeXcpk`ZXc [\i`mXk`fe Xe[ eld\i`ZXc j`dlcXk`fe, n_`Z_ _\cg kf ZcXi`]p k_\

le[\icp`e^ d\Z_Xe`jd f] fli fYj\imXk`fej. Q\ _fg\ k_\ M\]\i\\ n`cc Y\ jXk`j#\[ n`k_ k_\j\

X[[`k`fej.

1- Ee k_\ XYjkiXZk, `k `j ni`kk\e k_Xk: UO_\ efe-i\Z`gifZXc [peXd`Zj _\i\f] `j X

dXe`]\jkXk`fe f] k_\ efe-D\id`k`Xe jb`e \"\Zk, n`k_ `kj [`i\Zk`fe Zfek`elfljcp

X[aljkXYc\ k_ifl^_ k_\ g_fkfe-cfjj gXiXd\k\ij.&

E Xd efk jli\ `] k_`j jkXk\d\ek `j kil\. Nb`e \"\Zk `j `e ]XZk X Zfej\hl\eZ\ f]

efe-i\Z`gifZ`kp.

O_\ efe-D\id`k`Xe jb`e \"\Zk `j kpg`ZXccp [\#e\[ Xj k_\ XZZldlcXk`fe f] X dXZifjZfg`Z

eldY\i f] \`^\ejkXk\j kfnXi[ k_\ Yfle[Xip, Xe[ `j f]k\e Xkki`Ylk\[ kf k_\ jg\ZkiXc kfgfcf^p

f] k_\ jpjk\d le[\i k_\ g\i`f[`Z Yfle[Xip Zfe[`k`fe )j\\ M\]j. T22,31,32V*. HXk_\dXk`ZXccp,

k_\ fi`^`e f] k_\j\ g_\efd\eX `j k_\ j\ej`k`m`kp f] k_\ \`^\em\Zkfij Xe[ \`^\emXcl\j f] efe-

D\id`k`Xe dXki`Z\j kf Yfle[Xip g\ikliYXk`fej )j\\ M\]. T5V*. Ee k_`j j\ej\, k_\ [\]fidXk`fe

f] \`^\ejkXk\j le[\i k_\ fg\e Yfle[Xip Zfe[`k`fe, k_\ jg\ZkiXc kfgfcf^p le[\i k_\ g\i`f[`Z

Yfle[Xip Zfe[`k`fe, Xe[ k_\ [`i\Zk`feXc Ylcb $fn n\ fYj\im\ _\i\, ZXe Xcc Y\ kiXZ\[ YXZb

kf k_\ jXd\ fi`^`e, Xe[ Xi\ Zcfj\cp i\cXk\[ kf fe\ Xefk_\i. Ee fli gi\m`flj dXeljZi`gk, n\

i\]\ii\[ kf k_`j YifX[ ZcXjj f] g_\efd\eX Xj k_\ efe-D\id`k`Xe jb`e \"\Zk, n_`Z_ ZXe Y\

Zfe]lj`e^ `e[\\[. Ee k_`j i\jlYd`jj`fe, n\ i\m`j\[ k_\ j\ek\eZ\ kf UO_\ [`i\Zk`feXc $fn

_\i\f] le[\ic`\j k_\ \d\i^\eZ\ f] k_\ efe-D\id`k`Xe jb`e \"\Zk...&.

Q\ efk\ k_Xk efe-i\Z`gifZ`kp Xcjf \o`jkj `e efe-D\id`k`Xe jpjk\dj n`k_flk k_\ efe-

D\id`k`Xe jb`e \"\Zk TZ.]. K_pj. M\m. ? $##, 054301 )2019*; K_pj. M\m. ? $#(, 245407

)2022*; K_pj. M\m. > $#*, 022222 )2023*; K_pj. M\m. R (, 021025)2015*V, fi \m\e `e

 



 

D\id`k`Xe jpjk\dj TZ.]. Jgk. G\kk. '*, 5437-5440 )2022*V. Q\ k_\i\]fi\ gi\]\i efk kf dXb\

X ^\e\iXc ZcX`d k_Xk k_\ efe-D\id`k`Xe jb`e \"\Zk `j X Zfej\hl\eZ\ f] efe-i\Z`gifZ`kp )fi f]

k_\ [`i\Zk`feXc $fn*, ]fi ]\Xi f] d`jle[\ijkXe[`e^.

2- O_\e `k `j ni`kk\e k_Xk U?p ZfekiXjk, k_\ jpek_\k`Z $lo fi`^`eXk\j ]ifd Xe

\e^`e\\i\[ ^\fd\ki`Z g_Xj\, n_`Z_ Zfdg\k\j n`k_ k_\ efe-D\id`k`Xe jb`e \"\Zk

k_ifl^_ dX^e\k`Z Zfe#e\d\ek.& E Zflc[ efk _fn k_\ jpek_\k`Z $lo Zfdg\k\j

n`k_ IDNB. Ee n_Xk j\ej\=

Q\ k_Xeb k_\ M\]\i\\ ]fi k_\ jk`dlcXk`e^ hl\jk`fe, n_`Z_ ^`m\j lj k_\ fggfikle`kp kf

ZcXi`]p k_\ g_pj`ZXc d\Z_Xe`jd Y\_`e[ fli fYj\imXk`fe.

O_\ Zfdg\k`k`fe Y\kn\\e k_\ efe-D\id`k`Xe jb`e \"\Zk Xe[ k_\ dX^e\k`Z Zfe#e\d\ek

i\]\ij kf k_\ Yfle[Xip cfZXc`qXk`fe le[\i k_\ efe-D\id`k`Xe jb`e \"\Zk, m\ijlj k_\ dX^e\k`Z

Zfe#e\d\ek k_Xk c\X[j kf cfZXc`q\[ \`^\ejkXk\j `e k_\ Ylcb. Ee k\idj f] [peXd`Zj, k_\

Zfdg\k`k`fe ^`m\j i`j\ kf k_\ jlggi\jj\[ [`i\Zk`feXc $fn Xj fYj\im\[ `e fli \og\i`d\ek.

>j `ccljkiXk\[ `e C`^. 18, k_\ nXcb\i XZhl`i\j X gfj`k`fe-[\g\e[\ek g_Xj\ n_\e dfm`e^

Xcfe^ k_\ 1 [`i\Zk`fe, k_Xebj kf k_\ fg\iXkfi j\hl\eZ\ +** `e k_\ Ccfhl\k fg\iXkfi , . O_`j

gifZ\jj Zfeki`Ylk\j X gfj`k`fe-[\g\e[\ek g_Xj\ kf k_\ Zfii\jgfe[`e^ _fgg`e^ k\idj `e k_\

_`^_-]i\hl\eZp \"\Zk`m\ DXd`ckfe`Xe )j\\ [\i`mXk`fe Xe[ [`jZljj`fej `e k_\ i\m`j\[ H\k_f[j*.

>j X Zfej\hl\eZ\, n_\e k_\ nXcb\i ^f\j Xifle[ k_\ gcXhl\kk\ `e X le`k Z\cc, `k XZZldlcXk\j

X efe-mXe`j_`e^ g_Xj\ 2"!. O_\ gfj`k`fe-[\g\e[\ek g_Xj\ fe k_\ _fgg`e^ k\idj `j ]fidXccp

k_\ jXd\ Xj k_\ K\`\icj g_Xj\, n_`Z_ Xgg\Xij `e k_\ _fgg`e^ k\idj f] Z_Xi^\[ gXik`Zc\j

le[\i X dX^e\k`Z #\c[ TZ.]. S. K_pj. +#, 763 )1933*; K_pj. M\m. > ,%, 042324 )2015*V. >j

jlZ_, fli hlXekld-nXcb [peXd`Zj `j Xb`e kf k_\ [peXd`Zj f] X Z_Xi^\[ gXik`Zc\ dfm`e^ `e

X knf-[`d\ej`feXc cXkk`Z\, g\ig\e[`ZlcXi kf X le`]fid dX^e\k`Z #\c[. O_\ jpek_\k`Z $lo !

k_\e Zfii\jgfe[j kf k_\ dX^e\k`Z $lo k_i\X[\[ k_ifl^_ \XZ_ le`k Z\cc.

Ifn, ]fi X Z_Xi^\[ gXik`Zc\ dfm`e^ `e X gcXe\ g\ig\e[`ZlcXi kf X le`]fid dX^e\k`Z #\c[,

`k \og\i`\eZ\j X ]fiZ\ g\ig\e[`ZlcXi kf Yfk_ `kj [`i\Zk`fe f] dfk`fe Xe[ k_\ dX^e\k`Z #\c[,

c\X[`e^ kf ZpZcfkife dfk`fe n`k_ cfZXc`q\[ fiY`kj. O_\ hlXek`qXk`fe f] k_\j\ ZpZcfkife fiY`kj

^`m\j k_\ n\cc-befne $Xk GXe[Xl YXe[j n`k_ cfZXc`q\[ \`^\ejkXk\j. N`eZ\ jlZ_ X cfZXc`qXk`fe

fZZlij `e k_\ Ylcb, `k `j `eZfdgXk`Yc\, Xe[ Zfdg\k\j n`k_ k_\ efe-D\id`k`Xe jb`e \"\Zkj

n_`Z_ [\]fid k_\ \`^\ejkXk\j kfnXi[ k_\ Yfle[Xip. O_\ [peXd`Z dXe`]\jkXk`fe f] jlZ_

X Zfdg\k`k`fe `j k_\ $lo-`e[lZ\[ jlggi\jj`fe f] k_\ [`i\Zk`fe $fn, Xj n\ i\gfik\[ `e k_\



 

\og\i`d\ek.

Of ^X`e ]lik_\i `ej`^_k `ekf k_\ Zfdg\k`k`fe, n\ gcfk k_\ hlXj`\e\i^p jg\ZkiX le[\i [`]-

]\i\ek dX^e\k`Z $lo\j `e C`^. M1. Cfi k_`j gligfj\, n\ [\#e\ k_\ \"\Zk`m\ DXd`ckfe`Xe

k_ifl^_ , < -!(%%! , Xe[ ZXcZlcXk\ k_\ \`^\ejg\ZkiX f] ')! . Q_\e ! < 0, k_\ \`^\ejg\ZkiX

fZZlgp X #e`k\ Xi\X `e k_\ Zfdgc\o gcXe\ le[\i k_\ g\i`f[`Z Yfle[Xip Zfe[`k`fe, n_\i\Xj k_\

\`^\ejg\ZkiX ZfccXgj\ )fZZlgp`e^ q\if Xi\X* le[\i k_\ fg\e Yfle[Xip Zfe[`k`fe. O_\ jg\ZkiXc

kfgfcf^p le[\i k_\ g\i`f[`Z Yfle[Xip Zfe[`k`fe `j X b\p `e[`ZXkfi f] k_\ efe-D\id`k`Xe jb`e

\"\Zk `e knf [`d\ej`fej )j\\ M\]. T22V*. ApeXd`ZXccp, k_\ Xi\X fZZlg`\[ Yp k_\ \`^\ejg\ZkiX

Zfii\jgfe[j kf k_\ j_fik-k`d\ XZZ\c\iXk`fe f] k_\ [`i\Zk`feXc $fn TZ.]. K_pj. M\m. ? $#(,

245143 )2022*V. Dfn\m\i, le[\i X #e`k\ !, jlZ_ Xe Xi\X j_i`ebj j`^e`#ZXekcp )j\\ C`^. M19*,

`e[`ZXk`e^ k_\ $lo-`e[lZ\[ jlggi\jj`fe f] k_\ [`i\Zk`feXc $fn, Xe[ k_\ efe-D\id`k`Xe jb`e

\"\Zk Xj n\cc.

O_\ fYj\imXk`fe `j ]lik_\i ZfiifYfiXk\[ Yp k_\ jgXk`Xc [`jki`Ylk`fe f] \`^\ejkXk\j. Q\

[\#e\ k_\ Xm\iX^\[ jgXk`Xc [`jki`Ylk`fe f] \`^\ejkXk\j le[\i k_\ fg\e Yfle[Xip Zfe[`k`fe

*#)0** <
&'.

(

.

*

*#()0% 1**&

)-
% )M1*

*#)1** <
&'.

(

.

)

*#()0% 1**&

)-
% )M2*

n_\i\ *#()0% 1**& `j k_\ fZZlgXk`fe f] k_\ .k_ \`^\ejkXk\ Xk j`k\ )0% 1*, Xe[ )- `j k_\ kfkXc

eldY\i f] \`^\ejkXk\j. >j j_fne C`^j. M1: Xe[ ;, n_`c\ k_\ efe-D\id`k`Xe jb`e \"\Zk `j

XggXi\ek `e \`k_\i jgXk`Xc [`i\Zk`fe, `k `j jlggi\jj\[ Yp k_\ gi\j\eZ\ f] X dX^e\k`Z $lo. Jli

fYj\im\[ Zfdg\k`k`fe Y\kn\\e k_\ efe-D\id`k`Xe jb`e \"\Zk Xe[ k_\ dX^e\k`Z Zfe#e\d\ek

`j Xcjf Zfej`jk\ek n`k_ gi\m`flj k_\fi\k`ZXc jkl[`\j TZ.]. K_pj. M\m. G\kk. $%*, 256402

)2021*; K_pj. M\m. ? $#), G081402 )2022*V.

Ee k_\ i\m`j\[ dXeljZi`gk, n\ X[[\[ dfi\ [`jZljj`fej fe k_\ fi`^`e f] jlZ_ X Zfdg\k`k`fe

Yfk_ `e k_\ dX`e k\ok Xe[ `e k_\ Nlggc\d\ekXc HXk\i`Xc.

3- Q_`c\ k_\ `ekif[lZk`fe jkXikj n`k_ hlXekld jpjk\dj efe\ f] k_\ i\]j. 2-9 Xi\

hlXekld jpjk\dj.

Q\ Z_Xe^\[ k_\ fg\e`e^ j\ek\eZ\ kf UJg\e jpjk\dj...&, n_`Z_ `j dfi\ #kk`e^ ]fi k_\

^\e\iXc [`jZljj`fe f] efe-D\id`k`Xe g_pj`Zj. Q\ k_Xeb k_\ M\]\i\\ ]fi k_\ Zfdd\ek.





Q\ i\dfm\[ k_\ k\idj Uefe-i\Z`gifZXc& Xe[ Uefe-i\Z`gifZ`kp& k_ifl^_flk k_\ k\ok, Xe[

i\m`j\[ k_\ k`kc\ Xe[ XYjkiXZk XZZfi[`e^cp.

6- E Zflc[ efk #e[ X ^ff[ \ogcXeXk`fe ]fi k_\ j\Zk`fe UdX^e\k`Z jlggi\jj`fe

f] IDNB&. O_\ Xlk_fij aljk j_fn n_Xk k_\p fYj\im\ n`k_flk Xep jlggfik`e^

[`jZljj`fe. Cfi \oXdgc\, k_\p Zflc[ j_fn k_\ df[\ Zfdg\k`k`fe fi df[\ [`jki`-

Ylk`fe. >cjf n_p ! `e )0% 0$5* j_fnj k_\ cXi^\jk jlggi\jj`fe= n_p efk )0% 0$75*=

O_\i\ `j ef \ogcXeXk`fe f] _fn k_`j iXe^\ Y\Zfd\j `dgfikXek.

Ee k_\ i\m`j\[ dXeljZi`gk, n\ gifm`[\[ jlggfik`e^ XeXcpj`j fe k_\ dX^e\k`Z jlggi\jj`fe f]

k_\ IDNB. >j [\kX`c\[ `e fli i\jgfej\ kf k_\ M\]\i\\(j j\Zfe[ Zfdd\ek XYfm\, k_\j\ `eZcl[\

XeXcpk`Z [\i`mXk`fe f] k_\ _`^_-]i\hl\eZp DXd`ckfe`Xe n`k_ k_\ K\`\icj g_Xj\ `e k_\ i\m`j\[

H\k_f[j; [`jZljj`fe Xe[ ZcXi`#ZXk`fe f] k_\ g_pj`ZXc d\Z_Xe`jd Y\_`e[ k_\ Zfdg\k`k`fe

Y\kn\\e k_\ efe-D\id`k`Xe jb`e \"\Zk Xe[ dX^e\k`Z Zfe#e\d\ek `e k_\ i\m`j\[ Nlggc\d\ekXc

HXk\i`Xc; Xe[ eld\i`ZXc ZXcZlcXk`fej f] k_\ \`^\ejg\ZkiX Xe[ \`^\ejkXk\j [`jki`Ylk`fe `e k_\

i\m`j\[ Nlggc\d\ekXc HXk\i`Xc.

Je k_\ fk_\i _Xe[, n\ Z_fj\ k_\ gXiXd\k\i iXe^\ ! & T0% 0$5* Y\ZXlj\ k_\ [peXd`Zj f]

fe-j`k\ fZZlgXk`fe le[\i ,)!* Xe[ ,)! + 0$5* Xi\ k_\ jXd\. Of \ogc`Z`kcp [\dfejkiXk\ k_`j,

n\ \ok\e[ k_\ gXiXd\k\i iXe^\ f] C`^. 3)\* `e k_\ dX`e k\ok, Xe[ j_fn k_\ eld\i`ZXccp

\mXclXk\[ *!* `e C`^. M2, n`k_ k_\ fYj\imXk`fe k_Xk *!)!** < *!)! + 0$5**.

Of le[\ijkXe[ k_`j fYj\imXk`fe, n\ #k k_\ Ccfhl\k fg\iXkfi , `e X [`"\i\ek k`d\ ]iXd\,

`.\., jlYa\Zk `k kf X le`kXip kiXej]fidXk`fe , < +#
*,+*, n_\i\ +* `j k_\ j_`]k fg\iXkfi [\#e\[

`e k_\ dXeljZi`gk. A\efk`e^ ,$ < (*&()+)&, n\ _Xm\

, < * ,$

< *+((,$ + *),)*,$% )M3*

n_\i\

*+(( "),)*# <

'
***)

***(

-
)$*

!

+
-(&#!) 0

0 -!(&#!)

"

, # *0% 1) (0% 1* % 0 `j f[[ )\m\e*;

0% fk_\in`j\.

)M4*

@fej`[\i !" < ! + 0$5, n\ _Xm\

,)!* < *+(()!*,$ + *),)*)!*,$% )M5*

,)!"* < !*+(()!*,$ + *),)*)!*,$$ )M6*
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Pe[\i k_\ [\j`^e f] k_\ j_`]k fg\iXkfi +), ,$ nflc[ kiXej]fid jkXk\ Zfdgfe\ekj fe cXkk`Z\

j`k\j n`k_ f[[-0 cXY\c kf X jlg\igfj`k`fe f] `kj e\`^_Yfi`e^ j`k\j n`k_ \m\e-0 cXY\c, Xe[ m`Z\

m\ijX. D\eZ\, ^`m\e k_\ jXd\ `e`k`Xc jkXk\j, k_\ k`d\-\mfcm\[ jkXk\j le[\i ,)!* Xe[ ,)!"*

nflc[ [`"\i fecp Yp cfZXc j`^ej, n_`Z_ [f efk Z_Xe^\ k_\ gifYXY`c`kp [`jki`Ylk`fe fm\i k_\

cXkk`Z\ j`k\j. Cfi `ejkXeZ\, `e k_\ \og\i`d\ekXccp i\c\mXek ZXj\ f] \m\e eldY\i f] k`d\ jk\gj

/, k_\ k`d\-\mfcm\[ jkXk\j le[\i ,)!* Xe[ ,)!"* nflc[ fecp [`"\i Yp X ^cfYXc g_Xj\ )!1*
!

# ,

n_`Z_ [f\j efk Z_Xe^\ k_\ fZZlgXk`fe [`jki`Ylk`fe.

Ee k_\ i\m`j\[ dXeljZi`gk, n\ X[[\[ [\kX`c\[ XeXcpj`j fe k_\ [peXd`Zj n`k_ ! & T0$5% 1V

`e k_\ Nlggc\d\ekXc HXk\i`Xc, Xe[ X[[\[ X Yi`\] [`jZljj`fe `e k_\ dX`e k\ok.

7- E i\Zfdd\e[ efk lj`e^ UhlXekld& Xj k_\i\ `j efk_`e^ `e k_\ gXg\i XYflk

hlXekld. O_\ \og\i`d\ek `j X iXe[fd nXcb\i `e X [`jZi\k\ cXkk`Z\. O_lj, `k `j

d`jc\X[`e^ kf lj\ k_\ k\id hlXekld.

Q\ k_Xeb k_\ M\]\i\\ ]fi k_\ `ej`^_k]lc Zfdd\ek, Xe[ n\ ]lccp le[\ijkXe[ k_\ M\]\i\\(j

ZfeZ\ie. Ee[\\[, Xj n\ lj\ Xkk\elXk\[ cXj\i glcj\j, k_\ \og\i`d\ek `j g\i]fid\[ `e k_\

ZcXjj`ZXc i\^`d\. ?Xj\[ fe k_\ Zf_\i\eZ\ f] k_\ cXj\i glcj\, n\ Xi\ XYc\ kf fYj\im\ k_\

jXd\ [peXd`Z Y\_Xm`fi Xj k_Xk f] j`e^c\ g_fkfej. O_ifl^_flk fli dXeljZi`gk, k_\ k\id



UhlXekld& `j Xcdfjk XcnXpj lj\[ `e k_\ ZfdY`eXk`fe UhlXekld nXcb&, n_`Z_ n\ Y\c`\m\ _Xj

`dgfikXek [`"\i\eZ\j n`k_ k_\ ZcXjj`ZXc iXe[fd nXcb.

C`ijk, `e X ZcXjj`ZXc iXe[fd nXcb, k_\ k`d\ \mfclk`fe f] k_\ nXcb\i `j `eki`ej`ZXccp jkfZ_Xj-

k`Z, n_`Z_ `j k_\ fi`^`e f] `kj jgXk`Xc gifYXY`c`kp [`jki`Ylk`fe Xk #eXc k`d\j. ?p ZfekiXjk,

`e hlXekld nXcbj, Xj `j k_\ ZXj\ n`k_ fli \og\i`d\ek, k_\ k`d\ \mfclk`fe `j [\k\id`e`jk`Z,

^fm\ie\[ Yp k_\ k`d\-\mfclk`fe fg\iXkfi , . >k Xep `ejkXek f] k_\ \mfclk`fe, k_\ jpjk\d `j

`e X Zf_\i\ek jlg\igfj`k`fe: X jlg\igfj`k`fe f] cfZXc`q\[ hlXekld jkXk\j `e k_\ hlXekld

i\^`d\ )Xj `e j`e^c\ g_fkfej ]fi `ejkXeZ\*; Ylk X jlg\igfj`k`fe f] [`"\i\ek df[\j `e k_\ ZXj\

f] Zf_\i\ek c`^_k )Xj `e fli \og\i`d\ek*. O_\ fYj\im\[ `ek\ej`kp [`jki`Ylk`fe f] cXj\i Zfd\j

]ifd k_\ `ek\i]\i\eZ\ \"\Zk, n`k_ k_\ \c\Zki`Z-#\c[ m\Zkfij f] k_\ cXj\i df[\j fY\p`e^ k_\

jXd\ c`e\Xi-Xc^\YiX`Z [\jZi`gk`fe Xj k_Xk f] j`e^c\ g_fkfej )fi hlXekld jkXk\j `e ^\e\iXc*.

>j jlZ_, n\ Xi\ \jj\ek`Xccp j`dlcXk`e^ k_\ hlXekld `ek\i]\i\eZ\ lj`e^ k_\ Zf_\i\eZ\ f] cXj\i.

N\Zfe[, X ZcXjj`ZXc iXe[fd nXcb ]\Xkli\j [`jk`eZk gifYXY`c`jk`Z [`jki`Ylk`fe ]ifd k_Xk f] X

hlXekld nXcb. O_\ jgi\X[`e^ f] k_\ jgXk`Xc [`jki`Ylk`fe ]fccfn`e^ X ZcXjj`ZXc iXe[fd nXcb

`j [`"lj`m\, n`k_ !0& % /, n_\i\Xj k_\ jgi\X[`e^ `j YXcc`jk`Z !0& % /& ]fi hlXekld nXcbj

TZ.]. K_pj. M\m. G\kk. ,$, 130602 )2003*; LlXek. Ee]. KifZ\jj. $$, 1015-1106 )2012*;

@fek\dg. K_pj. '', 307-327 )2003*V. Ek `j fecp n_\e k_\ Zf_\i\eZ\ )\`k_\i f] Zf_\i\ek

c`^_k fi hlXekld jkXk\* `j [\jkifp\[ k_Xk fe\ dXp i\Zfm\i k_\ [`"lj`m\ [peXd`Zj ]ifd X

hlXekld-nXcb j\klg.

Clik_\idfi\, k_\ k\id`efcf^p UhlXekld nXcb& _Xj Y\\e \ok\ej`m\cp lj\[ Xe[ n`[\cp

XZZ\gk\[ `e k_\ c`k\iXkli\ ]fi jpjk\dj j`d`cXi kf flij. Q\ c`jk jfd\ f] k_\ nfibj Y\cfn:

$ NZ_i\`Y\i, >. \k Xc. K_fkfej nXcb`e^ k_\ c`e\: X hlXekld nXcb n`k_ X[aljkXYc\ Zf`e

fg\iXk`fej. K_pj. M\m. G\kk. $#', 050502 )2010*.

$ NZ_i\`Y\i, >. \k Xc. > 2A hlXekld nXcb j`dlcXk`fe f] knf-gXik`Zc\ [peXd`Zj. NZ`\eZ\

&&), 55-58 )2012*.

$ @_\e, @. \k Xc. JYj\imXk`fe f] kfgfcf^`ZXccp gifk\Zk\[ \[^\ jkXk\j `e X g_fkfe`Z knf-

[`d\ej`feXc hlXekld nXcb. K_pj. M\m. G\kk. $%$, 100502 )2018*.

$ Q\`[\dXee, N., Fi\d\i, H., Gfe^_`, N. ' NqXd\`k, >. Ofgfcf^`ZXc ki`gc\ g_Xj\ kiXe-

j`k`fe `e efe-D\id`k`Xe Ccfhl\k hlXj`ZipjkXcj. IXkli\ )#$, 354-359 )2022*.



Ifk\ k_Xk k_\ cXjk Xik`Zc\ XYfm\ `ekif[lZ\j X ZcXjj`ZXc Xdgc`#\i Xj ^X`e, n_`Z_ `j fecp

]\Xj`Yc\ ]fi ZcXjj`ZXc c`^_k. O_`j Xcjf [\dfejkiXk\j k_\ X[mXekX^\ f] fli \og\i`d\ekXc j\klg,

n_\i\ k_\ Zf_\i\ek c`^_k jfliZ\ ZXe Y\ [`i\Zkcp i\gcXZ\[ Yp X hlXekld jfliZ\ )]fi `ejkXeZ\,

_\iXc[\[ j`e^c\ g_fkfej Zi\Xk\[ m`X jgfekXe\flj gXiXd\ki`Z [fne-Zfem\ij`fe*. Dfn\m\i, k_\

Yi`^_ke\jj f] k_\ jkXk\-f]-k_\-Xik j`e^c\ g_fkfe jfliZ\ `j efk jl%Z`\ek ]fi fli i\hl`i\d\ekj,

`.\., X]k\i X c`d`k\[ k`d\ f] \mfclk`fe, k_\ \og\i`d\ekXc [XkX n`cc Y\ [fd`eXk\[ Yp ef`j\.

I\m\ik_\c\jj, `] k_`j `jjl\ ZXe Y\ jfcm\[, k_\ d\Z_Xe`jd le[\icp`e^ fli j\klg dXp jk`dlcXk\

efm\c hlXekld-[\m`Z\ [\j`^e `e k_\ ]lkli\.

Ee jlddXip, k_\ XYjkiXZk e\\[j X cfk f] nfib Xj `k `j efk Zc\Xicp ni`kk\e. O_\

i\jlckj Xi\ gi\j\ek\[ e`Z\cp Ylk k_\i\ `j X j`^e`#ZXek cXZb f] XeXcpk`ZXc Xe[ hlXe-

k`kXk`m\ \ogcXeXk`fej ]fi k_\ fYj\imXk`fej. O_\i\ Xi\ Xcjf k\Z_e`ZXc k\idj k_Xk

e\\[ kf Y\ lj\[/i\dfm\[ Xj k_\p gifm`[\ k_\ nife^ d\jjX^\.

Q\ k_Xeb M\]\i\\ > ]fi k_\ ZfejkilZk`m\ Zfdd\ekj Xe[ jl^^\jk`fej, n_`Z_ ^`m\ lj k_\ fg-

gfikle`kp kf i\m`j\ Xe[ `dgifm\ fli nfib. Q\ kiljk k_Xk k_`j e\n `k\iXk`fe f] fli dXeljZi`gk

`j jl`kXYc\ ]fi ]lik_\i Zfej`[\iXk`fe `e IXkli\ @fddle`ZXk`fej.



4<FBN JE 4<FEHJ E= 4<=<H<< .

Q\ k_Xeb M\]\i\\ ? ]fi _\i/_`j ZXi\]lc i\X[`e^ f] fli dXeljZi`gk Xe[ ]fi i\Zfdd\e[`e^

fli nfib ]fi glYc`ZXk`fe `e IXkli\ @fddle`ZXk`fej. Cfccfn`e^ k_\ M\]\i\\(j `ej`^_k]lc

Zfdd\ekj Xe[ _\cg]lc jl^^\jk`fej, n\ _Xm\ i\m`j\[ k_\ dXeljZi`gk XZZfi[`e^cp. ?\cfn c\k

lj X[[i\jj k_\ M\]\i\\(j hl\jk`fej gf`ek-Yp-gf`ek.

O_`j nfib i\gfikj k_\ i\Xc`qXk`fe f] efe-D\id`k`Xe jpek_\k`Z cXkk`Z\j jlggfik-

`e^ IDNB `e hlXekld-nXcb \og\i`d\ekj Xe[, Yp X[[`e^ \"\Zk`m\ )jpek_\k`Z*

dX^e\k`Z $lo, k_\ `e$l\eZ\ f] k_\ $lo fe IDNB `j \og\i`d\ekXccp \ogcfi\[.

O_\ jlYa\Zk `emfcm`e^ hlXekld nXcb, \"\Zk`m\ dX^e\k`Z $lo, Xe[ Xcjf IDNB

Z\ikX`ecp XkkiXZkj YifX[ `ek\i\jk `e Yfk_ fgk`Z Xe[ hlXekld Zfddle`k`\j. O_\

\og\i`d\ekXc i\jlckj Xi\ Zc\Xi kf jlggfik k_\ ZfeZclj`fej, \jg\Z`Xccp k_\ dX^-

e\k`Z jlggi\jj`fe f] IDNB `j f] ^i\Xk `dgfikXeZ\ ]fi ]lkli\ $\o`Yc\ Zfekifc f]

c`^_k )g_fkfej* `e _`^_\i [`d\ej`fej. E k_`eb k_`j jkl[p j_flc[ Y\ glYc`j_\[ `e

_`^_ `dgXZk aflieXc jlZ_ Xj IXk. @fddle. D\i\ E c`jk jfd\ Zfdd\ekj ]fi k_\

Xlk_fij kf Zfej`[\i:

Q\ k_Xeb k_\ M\]\i\\ ]fi k_\ ZfejkilZk`m\ Zfdd\ekj, Xe[ ]fi i\Zfdd\e[`e^ fli nfib

]fi glYc`ZXk`fe.

1. Ek j_flc[ Y\ efk`Z\[ )Xj ]Xi Xj E le[\ijkXe[*, M\]. T43V dXp _Xm\ [`"\i\ek

d\Z_Xe`jd Xj k_Xk `e k_\ Zlii\ek dXeljZi`gk kf Yl`c[ k_\ jpek_\k`Z cXkk`Z\. O_\

b\p [`"\i\eZ\ `j k_Xk [\cXp c`e\j `e M\]. T43V ^l`[\ fecp X jdXcc gfik`fe f] k_\

\e\i^p `e \XZ_ glcj\ jf k_\ \og\i`d\ekXc gcXk]fid \oXZkcp Yl`c[j X k`^_k-Y`e[`e^

cXkk`Z\. Dfn\m\i, `e k_\ Zlii\ek nfib, k_\ gcXk]fid jlggfikj knf-[`d\ej`feXc

g_fkfe`Z hlXekld nXcb. C`ijkcp, E k_`eb k_`j [`"\i\eZ\ j_flc[ Y\ XZbefnc\[^\[.

N\Zfe[cp, Xck_fl^_ E ZXe le[\ijkXe[ _fn jlZ_ 2A hlXekld nXcb nfibj, `k `j efk

m\ip Zc\Xi kf d\ _fn `k ZXe Y\ le[\ijkff[ `e X k`^_k-Y`e[`e^ df[\c Xj j_fne `e

C`^. 1X. Clik_\i ZcXi`#ZXk`fe `j Xggi\Z`Xk\[.

Q\ k_Xeb k_\ M\]\i\\ ]fi k_\ `ej`^_k]lc Zfdd\ek. Q_`c\ Yfk_ \og\i`d\ekj \ogcf`k k_\

k`d\-dlck`gc\o\[ jZ_\d\, k_\i\ Xi\ `e[\\[ jfd\ `dgfikXek [`"\i\eZ\j.

C`ijk, `e M\]. T43V, k_\ [\ZXp c`e\j `ekif[lZ\ [`jj`gXk`m\ Zflgc`e^j Y\kn\\e glcj\j )fi

jpek_\k`Z j`k\j*, jlZ_ k_Xk k_\ [peXd`Zj `j df[\c\[ Yp X G`e[YcX[ \hlXk`fe. ?p ZfekiXjk,



`e fli j\klg, k_\ Zflgc`e^ `j `dgc\d\ek\[ Yp k_\ j_`]k fg\iXkfij +)$*, n_`Z_, Y\`e^ le`kXip,

d`d`Z k_\ k`d\-\mfclk`fe fg\iXkfij ^fm\ie\[ Yp gfcXi`qXk`fe-[\g\e[\ek, Zf_\i\ek _fgg`e^

k\idj. O_\ efe-D\id`k`Z`kp `e fli \og\i`d\ek `j `ekif[lZ\[ k_ifl^_ k_\ cfjj fg\iXkfij ()$*.

N\Zfe[, `e fli j\klg, n\ `dgc\d\ek, ]fi \XZ_ ZpZc\ `e k_\ #Y\i cffg, k_\ efe-le`kXip

fg\iXkfi , . O_\ \"\Zk`m\ DXd`ckfe`Xe ZXe Y\ [\#e\[ Xj , < -!(%%! , jlZ_ k_Xk k_\ hlXekld

nXcb Zfejk`klk\j X jkifYfjZfg`Z j`dlcXk`fe f] k_\ k`d\ \mfclk`fe ^fm\ie\[ Yp ')!. CfidXccp,

n\ ZXe [\i`m\ ')! ]ifd `kj [\#e`k`fe, Ylk `kj ]fid `j Zfdgc`ZXk\[ Xe[ [f\j efk gifm`[\ dlZ_

`ej`^_k `e k_\ ]fid f] X k`^_k-Y`e[`e^ df[\c.

>j X Zfdgifd`j\, n\ ZXe nfib `e k_\ _`^_-]i\hl\eZp c`d`k, Xjjld`e^ \XZ_ k`d\ jk\g kf

Y\ j_fik \efl^_ k_Xk k_\ k`d\ \mfclk`fe ZXe Y\ Oifkk\i`q\[ Xe[ b\gk kf k_\ cfn\jk fi[\i.

Hfi\ jg\Z`#ZXccp, n\ [\#e\ k_\ \"\Zk`m\ DXd`ckfe`Xej ]fi k_\ Zfdgfe\ekj f] k_\ Ccfhl\k

fg\iXkfi , < (*+**&()+)&, n`k_

& < -!(%" % ()+) < -!(%# % (*+** < -!(%$ $ )M7*

O_\ fm\iXcc k`d\ \mfclk`fe n`k_`e \XZ_ k`d\ jk\g `j k_\e Xggifo`dXk\cp [i`m\e Yp k_\ \"\Zk`m\

DXd`ckfe`Xe

' "
)! <

1

4
)2'% + '& + ''*% )M8*

n_\i\

'% <
"

2
+

2

!

+
1 !

+
2 1

1 !)1 +
+

2*

"

, # !!% )M9*

'& <
.

)$*

#

%-""

!

+
(
&

0

0 ! (
&

"

, # *0 ! 1% 1)(0% 1* ! -!""

!

+
(
&

0

0 ! (
&

"

, # *0% 1)(0 ! 1% 1*

$

& % )M10*

'' <
.

)$*

#

%-(&#!)-"#

!

+
(
&

0

0 ! (
&

"

, # *0% 1 ! 1)(0% 1* ! -!(&#!)-!"#

!

+
(
&

0

0 ! (
&

"

, # *0% 1)(0% 1 ! 1*

$

& $

)M11*

>ggXi\ekcp, n_`c\ '& [\jZi`Y\j Xjpdd\ki`Z _fgg`e^ Xcfe^ k_\ 0 [`i\Zk`fe, '' `e[`ZXk\j

Xjpdd\ki`Z _fgg`e^ Xcfe^ k_\ 1 [`i\Zk`fe, n`k_ k_\ K\`\icj g_Xj\ fe kfg. O_lj, Xck_fl^_

' "
)! '< ')!, `k f"\ij X dfi\ kiXejgXi\ek le[\ijkXe[`e^ f] k_\ hlXekld-nXcb [peXd`Zj ]ifd

k_\ g\ijg\Zk`m\ f] X k`^_k-Y`e[`e^ df[\c.
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Ee k_\ i\m`j\[ H\k_f[j, n\ [\i`m\ k_\ \"\Zk`m\ DXd`ckfe`Xe XYfm\, Xe[ [`jZljj fli j\klg

`e k_\ c`^_k f] k_\ Zfii\jgfe[`e^ k`^_k-Y`e[`e^ df[\c. Q\ Xcjf [`jZljj k_\ b\p [`"\i\eZ\

]ifd M\]. T43V `e k_\ dX`e k\ok.

2. Ee C`^. 3<, E j\\ jpdd\ki`Z gXkk\iej n`k_ Xcg_X ]ifd 0 kf 0$5. Ej k_\i\ Xep

\ogcXeXk`fe, Xj k_\ $lo `j 2"! Xe[ fe\ dXp \og\Zk kf j\\ jpdd\ki`Z gXkk\iej

n`k_ Xcg_X ]ifd 0 kf 1.

Q\ k_Xeb k_\ M\]\i\\ ]fi k_\ _\cg]lc hl\jk`fe. Q\ Z_fj\ k_\ gXiXd\k\i iXe^\ ! & T0% 0$5*

Y\ZXlj\ k_\ [peXd`Zj f] fe-j`k\ fZZlgXk`fe le[\i ,)!* Xe[ ,)! + 0$5* Xi\ k_\ jXd\. Of

\ogc`Z`kcp [\dfejkiXk\ k_`j, n\ \ok\e[ k_\ gXiXd\k\i iXe^\ f] C`^. 3< `e k_\ dX`e k\ok, Xe[

j_fn k_\ eld\i`ZXccp \mXclXk\[ *!* `e C`^. M3, n`k_ k_\ fYj\imXk`fe k_Xk *!)!** < *!)!+0$5**.

Of le[\ijkXe[ k_`j fYj\imXk`fe, n\ #k k_\ Ccfhl\k fg\iXkfi , `e X [`"\i\ek k`d\ ]iXd\,

`.\., jlYa\Zk `k kf X le`kXip kiXej]fidXk`fe , < +#
*,+*, n_\i\ +* `j k_\ j_`]k fg\iXkfi [\#e\[

`e k_\ dXeljZi`gk. A\efk`e^ ,$ < (*&()+)&, n\ _Xm\

, < * ,$

< *+((,$ + *),)*,$% )M12*



n_\i\

*+(( "),)*# <

'
***)

***(

-
)$*

!

+
-(&#!) 0

0 -!(&#!)

"

, # *0% 1) (0% 1* % 0 `j f[[ )\m\e*;

0% fk_\in`j\.

)M13*

@fej`[\i !" < ! + 0$5, n\ _Xm\

,)!* < *+(()!*,$ + *),)*)!*,$% )M14*

,)!"* < !*+(()!*,$ + *),)*)!*,$$ )M15*

Pe[\i k_\ [\j`^e f] k_\ j_`]k fg\iXkfi +), ,$ nflc[ kiXej]fid jkXk\ Zfdgfe\ekj fe cXkk`Z\

j`k\j n`k_ f[[-0 cXY\c kf k_fj\ n`k_ \m\e-0 cXY\c, Xe[ m`Z\ m\ijX. D\eZ\, ^`m\e k_\ jXd\ `e`k`Xc

jkXk\j, k_\ k`d\-\mfcm\[ jkXk\j le[\i ,)!* Xe[ ,)!"* nflc[ [`"\i\ek fecp Yp cfZXc j`^ej,

n_`Z_ [f efk Z_Xe^\ k_\ fe-j`k\ fZZlgXk`fe [`jki`Ylk`fe. Cfi `ejkXeZ\, `e k_\ \og\i`d\ekXccp

i\c\mXek ZXj\ f] \m\e eldY\i f] k`d\ jk\gj /, k_\ k`d\-\mfcm\[ jkXk\j le[\i ,)!* Xe[ ,)!"*

nflc[ fecp [`"\i Yp X ^cfYXc g_Xj\ )!1*
!

# , n_`Z_ [f\j efk Z_Xe^\ k_\ fZZlgXk`fe [`jki`Ylk`fe.

Ee k_\ i\m`j\[ dXeljZi`gk, n\ X[[\[ X [\kX`c\[ XeXcpj`j f] k_\ [peXd`Zj n`k_ ! & T0$5% 1V

`e k_\ Nlggc\d\ekXc HXk\i`Xc, Xe[ X[[\[ X Yi`\] [`jZljj`fe `e k_\ dX`e k\ok.

3. O_\ Xlk_fij \em`j`fe k_Xk k_\`i \og\i`d\ek ZXe _\cg jkl[p IDNB `e _`^_\i

[`d\ej`fej. Dfn\m\i, kf k_\ Y\jk f] dp befnc\[^\, k_\ Zlii\ek \og\i`d\ekXc

gcXk]fid `j c`d`k\[ `e k_\ kfkXc eldY\i f] k`d\ Y`ej. E] k_i\\ [`d\ej`feXc cXkk`Z\

`j kf Y\ jkl[`\[, k_\e k_\ eldY\i f] k`d\ Y`ej `j cXi^\cp `eZi\Xj\[. @Xe k_\

Xlk_fij gifm`[\ jfd\ g\ijg\Zk`m\ fe k_`j dXkk\i= Ji `e fk_\i nfi[j, n`cc k_\

i\j\XiZ_\ij ^f kf k_i\\ [`d\ej`fej `e k_\ e\Xi ]lkli\=

Q\ k_Xeb k_\ M\]\i\\ ]fi k_\ Zfdd\ek. O_\ M\]\i\\ `j Zfii\Zk k_Xk X dXafi c`d`kXk`fe

fe fli \og\i`d\ekXc j\klg `j k_\ i\hl`i\d\ek f] X cXi^\ eldY\i f] k`d\ Y`ej ]fi j`dlcXk`e^

cXkk`Z\ [peXd`Zj `e _`^_\i [`d\ej`fej. Dfn\m\i, Xj n\ [\dfejkiXk\ Y\cfn, `k `j Xci\X[p

giXZk`ZXc kf `dgc\d\ek hlXekld nXcbj `e k_i\\ [`d\ej`fej lj`e^ fli j\klg.

O_\ YXj`Z `[\X _\i\ `j kf [\m`j\ X k_`i[-k`d\ jZXc\ !+ kf \eZf[\ k_\ jgXk`Xc [`d\ej`fe 2,

`e X[[`k`fe kf k_\ \o`jk`e^ k`d\ jZXc\j )!) < 80 ej, !* < 4$83 ej*. Cfi k_`j gligfj\, n\ ZXe

lj\ k_\ Y`i\]i`e^\ek ZipjkXcj `e X Zfcc`e\Xi Zlk kf i\Xc`q\ k_\ j_`]k fg\iXkfi ++ Xcfe^ k_\ 2

[`i\Zk`fe. O_\ Y`i\]i`e^\ek ZipjkXcj ZXe Zi\Xk\ X k`d\ [\cXp f] % 10 gj Y\kn\\e k_\ _fi`qfekXc



Xe[ m\ik`ZXc gfcXi`qXk`fej, n_`Z_ \eXYc\j lj kf \eZf[\ k_\ gfj`k`fej `e k_\ 2 [`i\Zk`fe. >

jkiX`^_k]finXi[ \jk`dXk`fe )4.83 ej/10 gj < 483* j_fnj k_Xk jlZ_ X Z_f`Z\ Xccfnj lj kf \eZf[\

jl%Z`\ek jgXk`Xc gfj`k`fej `e k_\ 2 [`i\Zk`fe. Clik_\idfi\, k_\ Y`i\]i`e^\ek ZipjkXcj, lec`b\

k_\ le\hlXc-c\e^k_ `ek\i]\ifd\k\i k_Xk n\ lj\, Xi\ m\ip jkXYc\ n`k_ X _`^_ kiXejd`jj`fe iXk\.

O_\p [f efk i\[lZ\ k_\ fm\iXcc jkXY`c`kp f] k_\ \og\i`d\ekXc j\klg. N`eZ\ df[\ie [\k\Zkfij

ZXe i\jfcm\ k`d\ [`"\i\eZ\j f] k_\ fi[\i 1 gj, [XkX [\k\Zk`fe `j `e gi`eZ`gc\ efk Xe `jjl\,

Ylk dXp Y\ c`d`k\[ Yp d\Xjli\d\ek ef`j\.

>j jlZ_, n\ Y\c`\m\ `k `j gfjj`Yc\ ]fi i\j\XiZ_\ij kf jkl[p hlXekld nXcbj `e k_i\\ [`-

d\ej`fej `e k_\ e\Xi ]lkli\, n`k_ k_\ eldY\i f] k`d\ jk\gj XggifXZ_`e^ 20 )k_\ gi`dXip

i\jki`Zk`fe _\i\ `j k_\ \"\Zk`m\e\jj f] k_\ fgk`ZXc cffg*.

4. >ck_fl^_ E Xd ljlXccp #e\ n`k_ k_\ g_iXj\ WhlXekld nXcb(, E [f efk j\\ dlZ_

WhlXekld( _\i\. O_\ \og\i`d\ek `j Zfe[lZk\[ n`k_ ZcXjj`ZXc c`^_k )`] efk, gc\Xj\

Zfii\Zk d\*. NlZ_ g_\efd\eX ZXe Xcjf Y\ eXd\[ Xj WiXe[fd nXcb(. KifYXYcp

`k n`cc Y\ ^ff[ kf [`jZljj n_p k_`j gcXk]fid `j WhlXekld( Xe[ ZXe Y\ lj\[ ]fi

hlXekld [\m`Z\ [\j`^e.

Q\ k_Xeb k_\ M\]\i\\ ]fi k_\ `ej`^_k]lc Zfdd\ek. Ee[\\[, Xj n\ lj\ Xkk\elXk\[ cXj\i

glcj\j, k_\ \og\i`d\ek `j g\i]fid\[ `e k_\ ZcXjj`ZXc i\^`d\. ?Xj\[ fe k_\ Zf_\i\eZ\ f] k_\

cXj\i glcj\, n\ Xi\ XYc\ kf fYj\im\ k_\ jXd\ [peXd`Z Y\_Xm`fi Xj k_Xk f] j`e^c\ g_fkfej.

O_ifl^_flk fli dXeljZi`gk, k_\ k\id UhlXekld& `j Xcdfjk XcnXpj lj\[ `e k_\ ZfdY`eXk`fe

UhlXekld nXcb&, n_`Z_ n\ Y\c`\m\ _Xj `dgfikXek [`"\i\eZ\j n`k_ k_\ ZcXjj`ZXc iXe[fd nXcb.

C`ijk, `e X ZcXjj`ZXc iXe[fd nXcb, k_\ k`d\ \mfclk`fe f] k_\ nXcb\i `j `eki`ej`ZXccp jkfZ_Xj-

k`Z, n_`Z_ `j k_\ fi`^`e f] `kj jgXk`Xc gifYXY`c`kp [`jki`Ylk`fe Xk #eXc k`d\j. ?p ZfekiXjk,

`e hlXekld nXcbj, Xj `j k_\ ZXj\ n`k_ fli \og\i`d\ek, k_\ k`d\ \mfclk`fe `j [\k\id`e`jk`Z,

^fm\ie\[ Yp k_\ k`d\-\mfclk`fe fg\iXkfi , . >k Xep `ejkXek f] k_\ \mfclk`fe, k_\ jpjk\d `j

`e X Zf_\i\ek jlg\igfj`k`fe: X jlg\igfj`k`fe f] cfZXc`q\[ hlXekld jkXk\j `e k_\ hlXekld

i\^`d\ )Xj `e j`e^c\ g_fkfej ]fi `ejkXeZ\*; Ylk X jlg\igfj`k`fe f] [`"\i\ek df[\j `e k_\ ZXj\

f] Zf_\i\ek c`^_k )Xj `e fli \og\i`d\ek*. O_\ fYj\im\[ `ek\ej`kp [`jki`Ylk`fe f] cXj\i Zfd\j

]ifd k_\ `ek\i]\i\eZ\ \"\Zk, n`k_ k_\ \c\Zki`Z-#\c[ m\Zkfij f] k_\ cXj\i df[\j fY\p`e^ k_\

jXd\ c`e\Xi-Xc^\YiX`Z [\jZi`gk`fe Xj k_Xk f] j`e^c\ g_fkfej )fi hlXekld jkXk\j `e ^\e\iXc*.

>j jlZ_, n\ Xi\ \jj\ek`Xccp j`dlcXk`e^ k_\ hlXekld `ek\i]\i\eZ\ lj`e^ k_\ Zf_\i\eZ\ f] cXj\i.

N\Zfe[, X ZcXjj`ZXc iXe[fd nXcb ]\Xkli\j [`jk`eZk gifYXY`c`jk`Z [`jki`Ylk`fe ]ifd k_Xk f] X



hlXekld nXcb. O_\ jgi\X[`e^ f] k_\ jgXk`Xc [`jki`Ylk`fe ]fccfn`e^ X ZcXjj`ZXc iXe[fd nXcb

`j [`"lj`m\, n`k_ !0& % /, n_\i\Xj k_\ jgi\X[`e^ `j YXcc`jk`Z !0& % /& ]fi hlXekld nXcbj

TZ.]. K_pj. M\m. G\kk. ,$, 130602 )2003*; LlXek. Ee]. KifZ\jj. $$, 1015-1106 )2012*;

@fek\dg. K_pj. '', 307-327 )2003*V. Ek `j fecp n_\e k_\ Zf_\i\eZ\ )\`k_\i f] Zf_\i\ek

c`^_k fi hlXekld jkXk\* `j [\jkifp\[ k_Xk fe\ dXp i\Zfm\i k_\ [`"lj`m\ [peXd`Zj ]ifd X

hlXekld-nXcb j\klg.

Clik_\idfi\, k_\ k\id`efcf^p UhlXekld nXcb& _Xj Y\\e \ok\ej`m\cp lj\[ Xe[ n`[\cp

XZZ\gk\[ `e k_\ c`k\iXkli\ ]fi jpjk\dj j`d`cXi kf flij. Q\ c`jk jfd\ f] k_\ nfibj Y\cfn:

$ NZ_i\`Y\i, >. \k Xc. K_fkfej nXcb`e^ k_\ c`e\: X hlXekld nXcb n`k_ X[aljkXYc\ Zf`e

fg\iXk`fej. K_pj. M\m. G\kk. $#', 050502 )2010*.

$ NZ_i\`Y\i, >. \k Xc. > 2A hlXekld nXcb j`dlcXk`fe f] knf-gXik`Zc\ [peXd`Zj. NZ`\eZ\

&&), 55-58 )2012*.

$ @_\e, @. \k Xc. JYj\imXk`fe f] kfgfcf^`ZXccp gifk\Zk\[ \[^\ jkXk\j `e X g_fkfe`Z knf-

[`d\ej`feXc hlXekld nXcb. K_pj. M\m. G\kk. $%$, 100502 )2018*.

$ Q\`[\dXee, N., Fi\d\i, H., Gfe^_`, N. ' NqXd\`k, >. Ofgfcf^`ZXc ki`gc\ g_Xj\ kiXe-

j`k`fe `e efe-D\id`k`Xe Ccfhl\k hlXj`ZipjkXcj. IXkli\ )#$, 354-359 )2022*.

Ifk\ k_Xk k_\ cXjk Xik`Zc\ XYfm\ `ekif[lZ\j X ZcXjj`ZXc Xdgc`#\i Xj ^X`e, n_`Z_ `j fecp

]\Xj`Yc\ ]fi ZcXjj`ZXc c`^_k. O_`j Xcjf [\dfejkiXk\j k_\ X[mXekX^\ f] fli \og\i`d\ekXc j\klg,

n_\i\ k_\ Zf_\i\ek c`^_k jfliZ\ ZXe Y\ [`i\Zkcp i\gcXZ\[ Yp X hlXekld jfliZ\ )]fi `ejkXeZ\,

_\iXc[\[ j`e^c\ g_fkfej Zi\Xk\[ m`X jgfekXe\flj gXiXd\ki`Z [fne-Zfem\ij`fe*. Dfn\m\i, k_\

Yi`^_ke\jj f] k_\ jkXk\-f]-k_\-Xik j`e^c\ g_fkfe jfliZ\ `j efk jl%Z`\ek ]fi fli i\hl`i\d\ekj,

`.\., X]k\i X c`d`k\[ k`d\ f] \mfclk`fe, k_\ \og\i`d\ekXc [XkX n`cc Y\ [fd`eXk\[ Yp ef`j\.

I\m\ik_\c\jj, `] k_`j `jjl\ ZXe Y\ jfcm\[, k_\ d\Z_Xe`jd le[\icp`e^ fli j\klg dXp jk`dlcXk\

efm\c hlXekld-[\m`Z\ [\j`^e `e k_\ ]lkli\.
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1. Q\ Z_Xe^\[ k_\ k`kc\ kf UHXe`glcXk`e^ [`i\Zk`feXc $fn `e X knf-[`d\ej`feXc dX^e\k`Z

hlXekld nXcb&.

2. Q\ i\gcXZ\[ k_\ ]flik_ j\ek\eZ\ `e k_\ XYjkiXZk Yp UO_\ [`i\Zk`feXc $fn _\i\f] le[\i-

c`\j k_\ \d\i^\eZ\ f] k_\ efe-D\id`k`Xe jb`e \"\Zk, n`k_ `kj fi`\ekXk`fe Zfek`elfljcp

X[aljkXYc\ k_ifl^_ k_\ g_fkfe-cfjj gXiXd\k\ij&.

3. Q\ i\gcXZ\[ k_\ #ijk j\ek\eZ\ `e k_\ #ijk gXiX^iXg_ Yp UJg\e jpjk\dj Xi\ lY`hl`kflj

`e eXkli\, Xe[ \o_`Y`k i`Z_ Xe[ Zfdgc\o Y\_Xm`fij lebefne kf k_\`i Zcfj\[ Zflek\i-

gXikj&.

4. Q\ i\gcXZ\[ k_\ ]flik_ j\ek\eZ\ f] k_\ j\Zfe[ gXiX^iXg_ ]ifd Yp UEe gXik`ZlcXi, n_\e

k_\ [`i\Zk`feXc $fn `j kle\[ kf k_\ [`X^feXc f] k_\ jhlXi\ cXkk`Z\, k_\ jpjk\d \o_`Y`kj

k_\ dlZ_ [`jZljj\[ Zfie\i jb`e \"\Zk T22V&. M\]\i\eZ\ T22V nXj Xcjf X[[\[ _\i\.

5. Q\ X[[\[ k_\ [`jZljj`fe fe k_\ b\p [`"\i\eZ\ ]ifd M\]. T43V `e k_\ i\m`j\[ dX`e k\ok.

6. Q\ i\dfm\[ k_\ k\idj Uefe-i\Z`gifZXc& Xe[ Uefe-i\Z`gifZ`kp& k_ifl^_flk k_\ k\ok,

Xe[ i\m`j\[ k_\ k`kc\ Xe[ XYjkiXZk XZZfi[`e^cp.

7. Q\ gifm`[\[ k_\ [\kX`c\[ jlggfik`e^ XeXcpj`j ]ifd k_\ g\ijg\Zk`m\ f] Xe \"\Zk`m\ k`^_k-

Y`e[`e^ df[\c `e k_\ i\m`j\[ H\k_f[j.

8. Q\ X[[\[ dfi\ [`jZljj`fej fe k_\ fi`^`e f] k_\ Zfdg\k`k`fe Y\kn\\e k_\ efe-D\id`k`Xe

jb`e \"\Zk Xe[ k_\ dX^e\k`Z Zfe#e\d\ek Yfk_ `e k_\ i\m`j\[ dX`e k\ok Xe[ `e k_\

i\m`j\[ Nlggc\d\ekXc HXk\i`Xc.

9. Q\ X[[\[ eld\i`ZXc ZXcZlcXk`fej f] k_\ \`^\ejg\ZkiX Xe[ \`^\ejkXk\j [`jki`Ylk`fe `e

k_\ i\m`j\[ Nlggc\d\ekXc HXk\i`Xc Xe[ gcfkk\[ k_\ hlXj`\e\i^p jg\ZkiX f] k_\ \"\Zk`m\

DXd`ckfe`Xe ')! le[\i [`"\i\ek dX^e\k`Z $lo\j `e C`^. N5.

10. Q\ X[[\[ dfi\ [`jZljj`fej fe k_\ fi`^`e f] k_\ Zfdg\k`k`fe Y\kn\\e k_\ efe-D\id`k`Xe

jb`e \"\Zk Xe[ k_\ dX^e\k`Z Zfe#e\d\ek Yfk_ `e k_\ i\m`j\[ dX`e k\ok Xe[ `e k_\

i\m`j\[ Nlggc\d\ekXc HXk\i`Xc.



11. Q\ X[[\[ X [\kX`c\[ [peXd`Z XeXcpj`j f] k_\ k`d\-\mfcm\[ jkXk\j n`k_ ! & T0$5% 1V `e

k_\ i\m`j\[ Nlggc\d\ekXc HXk\i`Xc )`eZcl[`e^ C`^. N6*, Xe[ X[[\[ X Yi`\] [`jZljj`fe `e

k_\ i\m`j\[ dX`e k\ok.



REVIEWERS' COMMENTS

Reviewer #2 (Remarks to the Author):

I thank the authors gave very detailed responses to all my previous comments. I find them 

are very helpful in addressing all my concerns and the manuscript, after revision, is also 

greatly improved. I believe this manuscript can be considered for publication in NC and 

would like to recommend the acceptance. 

Reviewer #3 (Remarks to the Author):

I was asked to assess the reply of the authors to Reviewer A. Overall, the responses are 

convincing, and the authors implemented relevant changes according to the referee's 

comments and suggestions. These changes improve the readability and accessibility of their 

results, which are technically well presented. 

In response to the criticism of the referee in point 7 on employing "quantum" for random 

walkers, the authors provided an extensive reply and shared relevant references. This point 

is also raised by the second referee and is very probable to come to the mind of the 

prospective readers of this work. I hence recommend the authors keep a concise summary 

of their response to the referee as a footnote (or the text) in the main text of the 

manuscript to eliminate future concerns in this regard. 

Aside from the above-mentioned point, the manuscript reaches the standard to be 

published in Nature Communications.
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