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X�=�Hjeh\� :�E�Km\hjh\� :�>�N_jlfZg� ;�X�RZjdh\

=GP JN Bgklblml l_hj_lbq_kdhc b wdki_jbf_glZevghc nbabdb� Fhkd\Z� Jhkkby

F�B� Dmebr�  <�;� Fbgp_\�  <�?� Nhjlh\
Bgklblml obfbq_kdhc nbabdb J:G� Q_jgh]heh\dZ� Jhkkby

Imqhd khhjm`Z_fh]h \ BLWN ijhlhggh]h mkdhjbl_ey BKLJ:��� [1] [m^_l

bkihevah\Zlvky ^ey mijZ\e_gby ih^djblbq_kdbf [eZgd_lhf� gZjZ[hldb wfbll_jh\ ^ey

ihabljhgghc lhfh]jZnbb� ijhba\h^kl\Z dhjhldh� b mevljZdhjhldh`b\msbo jZ^bhgmdeb^h\

f_^bdh�[bheh]bq_kdh]h b ijhfure_ggh]h gZagZq_gby� h[emq_gby fZl_jbZeh\ b ba^_ebc k

p_evx baf_g_gby bo k\hckl\ b bkiulZgby gZ jZ^bZpbhggmx klhcdhklv� ijh\_^_gby nbabq_kdbo

bkke_^h\Zgbc� Kj_^gbc lhd imqdZ khklZ\bl ��� fd:� \u\h^ qZklbp ^ey ijbdeZ^gh]h bkihev�

ah\Zgby [m^_l \hafh`_g ijb wg_j]byo �� �� b �� Fw<� <_^_lky jZajZ[hldZ fbr_gguo klZgpbc�

dm^Z [m^_l \u\h^blvky imqhd k mq_lhf hkh[_gghkl_c dhgdj_lgh]h \b^Z h[emq_gby�

< gZklhys__ \j_fy m`_ ^_ckl\m_l gZqZevgZy qZklv mkdhjbl_ey � k_dpby RFQ k \uoh^ghc

wg_j]b_c � Fw< [2]� Bfimevkguc lhd imqdZ gZ \uoh^_ dZgZeZ RFQ khklZ\ey_l �� f:�

^ebl_evghklv bfimevkh\ � beb �� fdk� qZklhlZ bo ih\lhj_gby � g_ [he__ � =p� Kj_^gbc lhd

imqdZ ihdZ g_ ij_\urZ_l � fd:� <_^mlky jZ[hlu ih bamq_gbx b hilbfbaZpbb j_`bfZ

mkdhj_gby� IZjZee_evgh k wlbf imqhd bkihevam_lky ^ey wdki_jbf_glZevguo bkke_^h\Zgbc

lhjfhaguo ihl_jv ijhlhgh\ \ iehlghc ieZaf_ b ^ey h[emq_gby h[jZaph\ l\_j^h]h l_eZ k p_evx

ihke_^mxs_]h bkke_^h\Zgby jZ^bZpbhgguo wnn_dlh\ gZ bo ih\_joghklb�

< nbabd_ \ukhdbo iehlghkl_c wg_j]bb \_ebd bgl_j_k d ijhp_kkm \aZbfh^_ckl\by

ly`_euo bhgh\ k g_b^_Zevghc ieZafhc ijb iehlghklb k\h[h^guo we_dljhgh\ ��
19
kf

-3 
b \ur_�

AgZqbl_evgh_ m\_ebq_gb_ wg_j]_lbq_kdbo ihl_jv ly`_euo bhgh\ \ ieZaf_ ih kjZ\g_gbx k

oheh^guf \_s_kl\hf h[mkeh\e_gh bo \aZbfh^_ckl\b_f kh k\h[h^gufb we_dljhgZfb ieZafu b

m\_ebq_gb_f wnn_dlb\gh]h aZjy^Z bhgh\� Bkihevamy imqhd ijhlhgh\� wnn_dlb\guc aZjy^

dhlhjuo dZd \ ieZaf_� lZd b \ ]Za_ jZ\_g _^bgbp_� fh`gh bkke_^h\Zlv \ebygb_ lhevdh

k\h[h^guo we_dljhgh\ ieZafu gZ wg_j]_lbq_kdb_ ihl_jb imqdZ� hij_^_eblv \hafh`ghklv

^bZ]ghklbjh\Zgby iehlghklb k\h[h^guo we_dljhgh\� hp_gblv \ebygb_ ³g_b^_Zevghklb´ ieZafu

gZ wg_j]_lbq_kdb_ ihl_jb�

J_Zevgh ieZafZ y\ey_lky qZklbqgh bhgbabjh\Zgghc b ihl_jb wg_j]bb ahg^bjmxsbo __

ijhlhgh\ dEp/dx kdeZ^u\Zxlky ba ihl_jv gZ k\h[h^guo b gZ k\yaZgguo we_dljhgZo [3]:
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A^_kv� _ b me � aZjy^ b fZkkZ we_dljhgZ� khhl\_lkl\_ggh� nfe � iehlghklv k\h[h^guo we_dljhgh\�

vp - kdhjhklv ijhlhgh\� Lfe � dmehgh\kdbc eh]Zjbnf ^ey k\h[h^guo we_dljhgh\� \ mkeh\byo

gZr_]h hiulZ jZ\guc ∼��� <lhjh_ keZ]Z_fh_ \ kdh[dZo mqblu\Z_l \deZ^ k\yaZgguo we_dljhgh\�
nk � iehlghklv bhgh\ k; νbk � qbkeh k\yaZgguo we_dljhgh\ bhgZ k; Lbk - dmehgh\kdbc eh]Zjbnf
^ey k\yaZgguo we_dljhgh\� <aZbfh^_ckl\b_ ijhlhgh\ kh k\yaZggufb we_dljhgZfb \ghkbl

g_dhlhjmx g_hij_^_e_gghklv \ aZ\bkbfhklv f_`^m dEp/dx b nfe� dhlhjZy� h^gZdh� bkq_aZ_l ijb

agZqbl_evghc kl_i_gb bhgbaZpbb� h q_f fh`gh km^blv ih l_fi_jZlmj_ ieZafu� < wlhf kemqZ_

Lfe \ 2-3 jZaZ ij_\urZ_l agZq_gb_ Lbk.
>ey wdki_jbf_glZevgh]h baf_j_gby ihl_jv wg_j]bb imqdZ gZ \uoh^_ mkdhjbl_ey [ueb

kfhglbjh\Zgu mkljhckl\Z� ko_fZ b h[sbc \b^ dhlhjuo ij_^klZ\e_gu gZ jbk��� Ijhlhgguc

imqhd k wg_j]b_c � Fw< b ^ebl_evghklvx bfimevkh\ � fdk k_iZjbjh\Zeky ih wg_j]bb k
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ihfhsvx ih\hjhlgh]h fZ]gblZ b jZaf_s_gguo \ ki_pbZevghc dZf_j_ gZ _]h \uoh^_

\_jlbdZevghc s_eb rbjbghc � ff b \uoh^gh]h hl\_jklby ^bZf_ljhf � ff�

Jbk��� Ko_fZ �ke_\Z� b h[sbc \b^ �\\_jom� wdki_jbf_glZevguo mkljhckl\ gZ \uoh^_

RFQ-k_dpbb mkdhjbl_ey�

FZeu_ jZaf_ju s_eb b hl\_jklby h^gh\j_f_ggh kihkh[kl\h\Zeb \Zdmmfghc jZa\yad_ b

ih^^_j`Zgbx i_j_iZ^Z ^Z\e_gby f_`^m \ukhdh\Zdmmfguf �∼10-6 
Lhjj� h[t_fhf mkdhjbl_ey b

jZajy^ghc dZf_jhc� JZa[jhk qZklbp ih bfimevkZf gZ \uoh^_  dZf_ju  k_iZjZlhjZ  khklZ\eye     
± ��� �� JZ[hlZ \_eZkv h^ghjZah\ufb ihkuedZfb imqdZ� < jZajy^ghc dZf_j_ [ueZ mklZgh\e_gZ

ieZaf_ggZy fbr_gv gZ hkgh\_ ihebwlbe_gh\h]h �KG2) dZibeeyjZ k bkiZjy_fhc kl_gdhc� >ebgZ
dZibeyjZ � �� ff� \gmlj_ggbc ^bZf_lj � ��� beb � ff� Ijh^hevgZy hkv dZibeeyjZ k ihfhsvx

eZa_jghc l_ogheh]bb kh\f_sZeZkv k hkvx ijh^hevgh]h ^\b`_gby imqdZ� JZajy^� \ l_q_gb_

dhlhjh]h jZkoh^h\ZeZkv wg_j]by ��� >` ijb lhd_ �� d: aZ \j_fy �� fdk� ijhbkoh^be f_`^m

]jZnblh\ufb we_dljh^Zfb� jZaf_s_ggufb gZ lhjpZo dZibeeyjZ� YjdhklgZy l_fi_jZlmjZ

ieZafu� hij_^_e_ggZy \ h[eZklb ^ebg \heg ������� gf ih klZg^Zjlghfm bklhqgbdm yjdhklb

DJBK k l_fi_jZlmjhc � w<� khklZ\eyeZ ������� w<� >Z\e_gb_ ieZafu ih lZjbjh\Zgghfm

iv_ah^Zlqbdm jZ\gyehkv ������� Zlf�

 dhfivxl_j

IAK
dZf_jZ

FDI

                  :gZebabjmxsbc
                                  fZ]gbl

            : :

JZajy^gZy
dZf_jZ

<ZdmmfgZy
hldZqdZ �\h�

<Zdmmfguc
aZl\hj

DZf_jZ
b fZ]gbl
k_iZjZlhjZ                         p+

H[emqZl_evgZy             RFQ
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                      <aju\gZy
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            \h

                          \h   ;

   Bfimevkgu_                  
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;

<uoh^gZy qZklv
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BKLJ:

 H[emqZl_evgZy
dZf_jZ

K_iZjZlhj

 <aju\gZy

dZf_jZ

:gZebabjmxsbc

fZ]gbl
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 Baf_j_gb_ wg_j]bb ijhlhggh]h imqdZ� ijhr_^r_]h q_j_a

ieZafm \ jZajy^ghc dZf_j_� hkms_kl\eyehkv k ihfhsvx

ZgZebabjmxs_]h fZ]gblZ� fbdjhdZgZevghc ieZklbgu FDI b

jZkiheZ]Z\r_cky aZ g_c \hehdhggh�hilbq_kdhc rZc[u k

gZiue_gguf exfbghnhjhf� Bah[jZ�`_gb_ yjdhklgh]h ke_^Z

ijhlhggh]h imqdZ� ihemq_ggh_ gZ wdjZg_ FDI� j_]bkljbjh\Zehkv

\b^_hdZf_jhc gZ hkgh\_ IAK�fZljbpu b h[jZ[Zlu\Zehkv

dhfivxl_jhf� DZeb[jh\dZ baf_jbl_evgh]h ljZdlZ ijhba\h^beZkv

imqdhf k wg_j]b_c � Fw<� GZ jbk�� ijb\_^_gh jZkij_^_e_gb_

iehlghklb imqdZ gZ FDI \ ]hjbahglZevghf gZijZ\e_gbb \

hlkmlkl\bb ieZafu �Z� b ijb __ gZebqbb �[�� I_j_f_s_gb_ ibdZ \

klhjhgm f_gvrbo wg_j]bc �[� \ua\Zgh wg_j]_lbq_kdbfb ihl_jyfb imqdZ \ ieZaf_� jZkrbj_gb_

bfimevkZ  ke_^kl\b_ \ha^_ckl\by ihey jZajy^gh]h lhdZ gZ ijhlhgguc ihlhd�

< wdki_jbf_glZo ihemq_gu ^Zggu_ ih wg_j]_lbq_kdbf ihl_jyf ijhlhgh\ b l_fi_jZlmj_

ieZafu� gZ [Za_ dhlhjuo k ijb\e_q_gb_f ki_pbZevghc f_lh^bdb hij_^_e_gZ iehlghklv

k\h[h^guo we_dljhgh\ bkke_^h\Z\r_cky m]e_jh^gh�\h^hjh^ghc ieZafu� Ihemq_ggu_ agZq_gby

nfe ohjhrh kh]eZkmxlky k hiulgufb ^Zggufb ih baf_j_gbx ^Z\e_gby� J_amevlZlu ijb\h^ylky

gb`_�

>bZf_lj dZibeeyjZ

(ff�
FZdkbfZevgu_ ihl_jb wg_j]bb

ijhlhgh\ \ ieZaf_ �dw<�

Iehlghklv k\h[h^guo

we_dljhgh\ �kf
-3)

3 170 ± 5 (2,6 ± 0,5)⋅1019

1,5 495 ± 15 (6,4 ± 1,5)⋅1019

>ey ]_g_jbjh\Zgby ieZafu k iehlghklvx nfe ≥ 1020 
kf

-3
[ue ih^]hlh\e_g b hijh[h\Zg

ebg_cguc dmfmeylb\guc \aju\ghc ]_g_jZlhj k h[sbf \_khf \aju\qZlh]h \_s_kl\Z ^h �� ]�

iha\heyxsbc ihemqZlv kdhjhklv m^Zjghc \hegu �±�� df/k \ bkke_^m_fhf ]Za_ ± dk_ghg_ ijb

gZqZevghf ^Z\e_gbb ����±��� [Zj� >ey bkke_^h\Zgby ieZafu� ihemqZ_fhc \aju\hf� mqZklhd :�:

gZ ko_f_ jbk�� [ue aZf_g_g mqZkldhf ;�;� AZsblZ \ukhdh\Zdmmfgh]h h[t_fZ mkdhjbl_ey hl

ihiZ^Zgby ba[ulhqgh]h ^Z\e_gby b ijh^mdlh\ ]hj_gby ba \aju\ghc dZf_ju hkms_kl\eyeZkv k

ihfhsvx bfimevkguo deZiZgh\� aZdju\Zxsboky ^h ijboh^Z d gbf ijh^mdlh\ \aju\Z�

Mkdhjbl_ev jZ[hlZe k ^ebl_evghklvx bfimevkh\ �� fdk b qZklhlhc bo ih\lhj_gby ���� =p�

\aju\ghc ]_g_jZlhj  \ j_`bf_ _^bgbqguo kjZ[Zlu\Zgbc� Bfimevkgu_ deZiZgu ihemqZeb

dhfZg^m gZ klZjl aZ �� fk ^h ihy\e_gby imqdZ� \aju\ghc ]_g_jZlhj kjZ[Zlu\Ze hl nZdlZ

j_Zevgh]h ihy\e_gby i_j_^g_]h njhglZ imqdZ gZ \uoh^_ mkdhjbl_ey� IeZafZ ³gZ^\b]ZeZkv´ gZ

imqhd q_j_a �� fdk ihke_ _]h gZqZeZ� GZ jbk�� ihdZaZg kb]gZe gZ FDI� Bkoh^gZy wg_j]by

ijhlhgh\ ?j = 2,92 Fw< f_gvr_ � Fw< ba�aZ ihl_jv gZ oheh^ghf dk_ghg_� KeZ[h \ujZ`_gguc

ibd ijb ?j = 2,77 Fw< hlghkblky d imqdm� ijhr_^r_fm q_j_a ieZafm�

Ijb dZ`^hf \aju\_ baf_jyebkv kdhjhklv m^Zjghc \hegu

b yjdhklgZy l_fi_jZlmjZ ieZaf_ggh]h k]mkldZ� Hp_g_ggu_ ih

baf_j_gguf \_ebqbgZf \ jZfdZo ^_[Z_\kdh]h ijb[eb`_gby \

[hevrhf dZghgbq_kdhf ZgkZf[e_ iZjZf_lju ieZafu \ mkeh\b�

yo wdki_jbf_glh\ khklZ\beb� ^Z\e_gb_ ���±���� [Zj� we_dljhg�

gZy dhgp_gljZpby 1019 – 1020
kf

-3
� iZjZf_lj g_b^_Zevghklb ��� ±

���� Baf_j_ggu_ ihl_jb wg_j]bb ijhlhgh\ \ aZ\bkbfhklb hl

iZjZf_ljh\ ieZafu khklZ\eyeb ���±��� dw<� Ijh\_^_ggu_

wdki_jbf_glu ihdZaZeb jZ[hlhkihkh[ghklv dhfie_dkghc mklZ�

gh\db mkdhjbl_ev − \aju\ghc ]_g_jZlhj ^ey ihemq_gby b bkke_�
^h\Zgby ieZafu k nfe ≥ 1020

kf
-3
� H^gZdh ^ey ^Zevg_cr_]h ijh^\b`_gby g_h[oh^bfh kh\_j�

r_gkl\h\Zgb_ ]_g_jbjh\Zgby ieZafu b ^bZ]ghklbdb imqdZ� Z lZd`_ m\_ebq_gb_ _]h wg_j]bb�

[

Z

E  = 2,77 Fw<

E p = 2,92 Fw<
10

8

6

4

2

0

 0     1     2     3     4      5     6     7     8

 p

FDI�dhhj^bgZlZ �kf�

Jbk��� Kb]gZe gZ FDI

ijb \aju\ghf f_lh^_.

 0       2       4       6       8    10
FDI�dhhj^bgZlZ �kf�

Jbk��� Kb]gZe gZ FDI�
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D nbabd_ ih\_joghklb l\_j^h]h l_eZ hlghkblky ^jm]h_ gZijZ\e_gb_ bkke_^h\Zgbc b

dZkZ_lky bamq_gby jZ^bZpbhgguo ^_n_dlh\ gZ ih\_joghklb \ukhdhhjb_glbjh\Zggh]h ibjheblb�

q_kdh]h ]jZnblZ �<HI=�� Bgl_j_k d jZ^bZpbhgghc klhcdhklb <HI= h[mkeh\e_g _]h [ukljuf

jZkijhkljZg_gb_f b i_jki_dlb\hc jZkrbj_gby ^Zevg_cr_]h bkihevah\Zgby dZd dhgkljmdpb�

hggh]h� \Zdmmfghiehlgh]h b l_jfhklhcdh]h fZl_jbZeZ� jZ[hlZxs_]h ijb \ukhdbo mjh\gyo

jZ^bZpbb� <HI= gZoh^bl ijbf_g_gb_ \ dhkfbq_kdhc l_ogbd_� wg_j]_lbd_� j_Zdlhjhkljh_gbb�

we_dljhnbabq_kdbo mklZgh\dZo� Bkke_^h\Zl_e_c bgl_j_km_l ih\_^_gb_ <HI= ijb _]h

h[emq_gbb bhgZfb \ ^bZiZahg_ wg_j]bc hl � dw< ^h �Fw< ijb ^haZo ��
12-1018

bhgh\/kf2.
H[jZapu ]jZnblZ ij_^klZ\eyeb kh[hc ieZklbgu jZaf_jZfb ��×�� ff2

b lhesbghc � ff�

ihf_sZebkv \ \Zdmmf h[emqZl_evghc dZf_ju �jbk��� b [hf[Zj^bjh\Zebkv ihlhdZfb ijhlhgh\ k
wg_j]b_c � Fw< �ghjfZevgh d ih\_joghklb� b �� dw< �ghjfZevgh b ih^ m]ehf ��°� ijb

nex_gkZo ��
14 ijhlhg�kf2

� Mkdhjbl_ev jZ[hlZe k ^ebl_evghklvx bfimevkh\ imqdZ �� fdk b

qZklhlhc bo ih\lhj_gby ��� =p� Ijhlhgu k wg_j]b_c �� dw< ihklmiZeb hl bg`_dlhjZ b

ijhoh^beb q_j_a dZgZe RFQ ^ebghc ��� f [_a <Q�ihey \ g_f� ihwlhfm bfimevkguc lhd imqdZ \

h[emqZl_evghc dZf_j_ g_ ij_\urZe � f:� >ey ihemq_gby bklbghc nhjfu bfimevkZ ijhlhggh]h

lhdZ �jbk� ��\� ih kb]gZeZf k bg^mdpbhggh]h ^ZlqbdZ �B>� ijb klhev fZehc \_ebqbg_ lhdZ b

gZebqbb bgl_gkb\guo ihf_o bkihevah\Zg kihkh[ \uqblZgby kb]gZeZ ihf_o �[� ba kmffZjgh]h

kb]gZeZ �Z�� <j_fy h[emq_gby ijb wg_j]bb �Fw< khklZ\eyeh � fbg �� k� ijb ?j=90 dw< − � qZkZ�

�	�����
��

1. Ijhlhgguf imqdhf k wg_j]b_c � Fw< l_klbjh\ZgZ ieZafZ k iehlghklvx k\h[h^guo

we_dljhgh\  nfe = (2,6-6,4)⋅1019
kf

-3.

�� Ih^l\_j`^_gZ \hafh`ghklv ahg^bjh\Zgby imqdhf mkdhjbl_ey ieZafu� ihemqZ_fhc

\aju\guf kihkh[hf� k iehlghklvx k\h[h^guo we_dljhgh\ Qfe ≥ 1020 kf-3.

�� H[jZapu ibjheblbq_kdh]h ]jZnblZ h[emq_gu ijhlhgZfb k wg_j]b_c �� dw< b � Fw<�

gZ KLF�fbdjhkdhi_ ihemq_gu \bamZevgu_ bah[jZ`_gby jZ^bZpbhgguo ^_n_dlh\�

Ihke_^mxs__ bkke_^h\Zgb_ h[jZaph\ k ihfhsvx

kdZgbjmxs_]h lmgg_evgh]h fbdjhkdhiZ �KLF� [4] \uy\beh
h[jZah\Z\rb_ky ^_n_dlu� dhlhju_ fh`gh ij_^klZ\blv

\bamZevgh� GZ jbk� � ihdZaZgu KLF�kdZgu� hlghkysb_ky d

d\Z^jZlguf mqZkldZf ih\_joghklb kh klhjhghc ��� � ��� fdf�

I_j_iZ^ \ukhl fbdjhj_ev_nZ g_h[emq_gghc ih\_joghklb

�Z� g_ ij_\urZe ����� gf� Imqhd k wg_j]b_c ?j = 3 Fw<
ijZdlbq_kdb g_ ^_nhjfbjh\Ze ih\_joghklv �[�� \_jlb�

dZevguc kdhe gZ kdZg_  ^_n_dl h[jZapZ� Z g_ ke_^kl\b_

h[emq_gby� GZb[hevrZy \ukhlZ ^_n_dlh\ \ \b^_ ³bajulhklb´

j_ev_nZ hlf_qZeZkv ihke_ h[emq_gby ihlhdhf ijhlhgh\ ih^

m]ehf ��° d ih\_joghklb ijb ?j= 90 dw< �]� b ^hklb]ZeZ

g_kdhevdbo ^_kyldh\ gZghf_ljh\�

� � � �
� � � �
� � � �
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Jbk��� KLF�kdZgu ih\_joghkl_c h[jZaph\ ibjheblbq_kdh]h ]jZnblZ�

Z� g_h[emq_gguc h[jZa_p� [� ?j = 3 Fw<� \� ?j = 90 dw<�  ∠ 45°� ]� ?j =90 dw<�  ∠ 90°.
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