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6B;m`2 3Xj, :2M2`B+ BHHmbi`�iBQM Q7 i?2 �HHQr2/ M2mi`�HBMQ /�`F K�ii2` `2;BQMb UTmF2 ;`22MV BM
i?2 (m0,m1/2)@TH�M2 7Q` Kal:_�X 1t+2Ti 7Q` i?2 HQr m0 �M/ m1/2 `2;BQMb i?2 �`2� QmibB/2
Q7 i?2 �HHQr2/ ;`22M `2;BQM ;Bp2b iQQ Km+? /�`F K�ii2`X h?2 /�b?2/ HBM2 b?Qrb i?2 >B;;b
K�bb HBKBi r?B+? Tmb?2b iQr�`/b H�`;2` p�Hm2b Q7 m1/2- r?BH2 i?2 /Qii2/ HBM2 `2T`2b2Mib i?2
HBKBi 7`QK i?2 �MQK�HQmb K�;M2iB+ KQK2Mi Q7 i?2 KmQMX

3XjXk aM2mi`BMQb

h?2 H27i ?�M/2/ bM2mi`BMQ ⌫̃L Bb ?�TTBHv 2t+Hm/2/ �b � TQi2MiB�H /�`F K�ii2` +�M/B/�i2 /m2 iQ
i?2 H�`;2 +`Qbb b2+iBQM 7Q` ⌫̃Lq ! ⌫̃Lq pB� Z@2t+?�M;2X9 h?2 H�`;2 +`Qbb K2�Mb i?�i Bi b?QmH/
�H`2�/v ?�p2 #22M b22M #v /B`2+i /2i2+iBQM 2tT2`BK2Mib- b22 a2+ 3X9X Ai Bb �HbQ T`Q#H2K�iB+ iQ
;2i m⌫̃L

< m
l̃L

/m2 iQ ?vT2`}M2@bTHBiiBM;X >Qr2p2`- i?2 `B;?i@?�M/2/ bM2mi`BMQ ⌫̃R +QmTH2b
p2`v r2�FHv �M/ Bb biBHH � pB�#H2 +�M/B/�i2X h?Bb rQmH/ M2+2bbBi�i2 �//BM; `B;?i@?�M/2/

96Q` i?2 M2mi`�HBMQb i?Bb T`Q#H2K QMHv 2tBbib 7Q` � ?B;;bBMQ �̃0
1 GaS- �b i?2 rBMQ �M/ #BMQ /Q MQi +QmTH2 iQ

i?2 ZX
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M2mi`BMQb �M/ bM2mi`BMQ bmT2`}2H/b iQ i?2 JaaJX

3XjXj :`�pBiBMQ
h?2 ;`�pBiBMQ Bb i?2 K�bbBp2 bTBM@jfk bmT2`bvKK2i`B+ T�`iM2` Q7 i?2 ;`�pBiQM BM KQ/2Hb rBi?
bmT2`;`�pBivX qBi? QMHv ;`�pBi�iBQM�H bi`2M;i? BMi2`�+iBQMb- i?2 ;`�pBiBMQ Bb MQi � qAJS �b
Bi Bb M2p2` BM +?2KB+�H 2[mBHB#`BmKX A7 Bi Bb i?2 GaS Bi +�M #2 +`2�i2/ 7`QK i?2 /2+�vb Q7 i?2
M2ti@iQ@HB;?i2bi bmT2`bvKK2i`B+ T�`iB+H2 ULGaSV- ;BpBM;- BM _@T�`Biv +QMb2`pBM; b+2M�`BQb-

⌦
G̃
=

m
G̃

mLGaS
⌦LGaS.

>Qr2p2`- i?2b2 b+2M�`BQb �`2 T`Q#H2K�iB+ #2+�mb2 i?2 LGaS Bb HQM;@HBp2/ /m2 iQ i?2 2ti`2�KHv
r2�F BMi2`�+iBQM �M/ +`2�i2b TQi2MiB�H i`Qm#H2 BM ""L #v BMD2+iBM; 2M2`;v i?�i +?�M;2b i?2
T`Q/m+iBQM Q7 HB;?i 2H2K2MibX

�Hi2`M�iBp2Hv- i?2 ;`�pBiBMQ +�M #2 +`2�i2/ BM MQM@i?2`K�H T`Q/m+iBQM T`Q+2bb2b BM i?2
T2`BQ/ Q7 `2?2�iBM; �7i2` BM~�iBQMX PM2 TQi2MiB�H T`Q+2bb gg ! g̃G̃ Bb b?QrM BM 6B;X 3X9X h?2
`2p2`b2 T`Q+2bb g̃G̃ ! gg Bb MQi 2{+B2Mi �b i?2 /2MbBiv Q7 ;`�pBiBMQb Bb M2p2` ?B;? 2MQm;? ;Bp2M
i?2 bK�HH +`Qbb b2+iBQMX h?Bb ivT2 Q7 /�`F K�ii2` +`2�iBQM T`Q+2bb Bb Q7i2M +�HH2/ 7`22x2@BMX
6Q` i?2 ;`�pBiBMQ i?Bb ;Bp2b � M2r K�;B+ 7Q`KmH�,

⌦
G̃
h2 ⇡ 0.5 ·

✓
TR

1010GeV

◆✓
100GeV

m
G̃

◆⇣ mg̃

1TeV

⌘
2

, U3XjV

r?2`2 TR Bb i?2 mMFMQrM �M/ p2`v r2�FHv +QMbi`�BM2/ `2?2�iBM; i2KT2`�im`2X h?Bb T`Q/m+@
iBQM K2+?�MBbK Bb �HbQ p�HB/ 7Q` KQ/2Hb rBi? _@T�`Biv pBQH�iBQMX h?2`2 i?2 bK�HH ;`�pBiBMQ
+QmTHBM; /

1

MP

K�F2b i?2 ;`�pBiBMQb p2`v HQM;@HBp2/- rBi? HB72iBK2b HQM;2` i?�M i?2 �;2 Q7 i?2
lMBp2`b2- #mi MQi �#bQHmi2Hv bi�#H2 #2+�mb2 Q7 i?2 _@T�`Biv pBQH�iBM; QT2`�iQ`bX

6B;m`2 3X9, PM2 TQbbB#H2 /B�;`�K 7Q` i?2 MQM@i?2`K�H T`Q/m+iBQM Q7 ;`�pBiBMQb 7`QK i?2
b+�ii2`BM; Q7 ;HmQMbX

3XjX9 Pi?2`b
PM2 +QmH/ 2p2M BK�;BM2 +QHQm` +?�`;2/ bmT2`bvKK2i`B+ T�`iB+H2b �b /�`F K�ii2`- BM T�`iB+mH�`
i?2 ;HmBMQ- r?B+?- B7 bi�#H2- �7i2` ?�/`QMBb�iBQM rBi? ai�M/�`/ JQ/2H [m�`Fb �M/fQ` ;HmQMb
rQmH/ 7Q`K bQ@+�HH2/ _@?�/`QMbX h?2b2 ?�p2 p2`v bi`B+i HBKBib 7`QK b2�`+?2b- #mi i?2b2
HBKBib �`2 bQK2r?�i Q#7mb+�i2/ #v +QKTHB+�iBQMb BM KQ/2HHBM; _@?�/`QM b+�ii2`BM;X
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3X9 .B`2+i /2i2+iBQM
AM �//BiBQM iQ i?2 /B`2+i T`Q/m+iBQM Q7 /�`F K�ii2` �i +QHHB/2`b �M/ i?2 +Q``2bTQM/BM; b2�`+?2b
7Q` KBbbBM; 2M2`;v- i?2`2 �`2 irQ Qi?2` K�BM r�vb iQ b2�`+? 7Q` /�`F K�ii2`- /B`2+i �M/ BM/B`2+i
/2i2+iBQMX >2`2 r2 #`B2~v /Bb+mbb /B`2+i /2i2+iBQMX

.B`2+i /2i2+iBQM b22Fb iQ K�F2 r2�F �M/ i?mb `�`2 /�`F K�ii2` BMi2`�+iBQMb rBi? bi�M/�`/
KQ/2H K�ii2` pBbB#H2 #v p2`v HQr #�+F;`QmM/ b2�`+?2b BM H�`;2 pQHmK2b- mbBM; HQ+�H ;�H�+iB+
?�HQ /�`F K�ii2` BMi2`�+iBM; rBi? Q`/BM�`v K�ii2` QM 1�`i?X h?2 72�bB#BHBiv Q7 /B`2+i /2i2+iBQM
Bb p2`v /2T2M/2Mi QM i?2 � b+�ii2`BM; +`Qbb b2+iBQM QM Mm+H2QMb U[m�`FbV- r?B+? +�M BM T`BM+BTH2
#2 +�H+mH�i2/ BM � ;Bp2M KQ/2H-8 #mi �HbQ QM i?2 /�`F K�ii2` ?�HQ /2MbBiv /Bbi`B#miBQM �M/
p2HQ+Biv /Bbi`B#miBQM- r?B+? ?�p2 H�`;2 mM+2`i�BMiB2bX

h?2 `�i2 Q7 BMi2`�+iBQM #2ir22M /�`F K�ii2` �M/ � T�`iB+mH�` ivT2 Q7 Mm+H2QMb BM � b�KTH2
+�M #2 2tT`2bb2/ BM i?2 /Bz2`2MiB�H b+�ii2`BM; `�i2 rBi? `2bT2+i iQ i?2 `2+QBH 2M2`;v Er Q7 �
b+�ii2`2/ Mm+H2QM rBi? K�bb M �b

dN

dEr

=
�⇢DM

2µ2m�

|F (q)|2
Z

vesc

vmin

f(~v)

v
d3v, U3X9V

r?2`2 � Bb i?2 /�`F K�ii2` b+�ii2`BM; +`Qbb b2+iBQM Qz i?2 Mm+H2mb BM [m2biBQM- ⇢DM Bb i?2
/�`F K�ii2` ?�HQ /2MbBiv �i 1�`i?- µ = m�M/(m� + M) Bb i?2 /�`F K�ii2` �M/ Mm+H2mb
`2/m+2/ K�bb- F (q) Bb � Mm+H2�` 7Q`K 7�+iQ` /2T2M/2Mi QM i?2 b+�ii2`BM; KQK2MimK i`�Mb72`
q =

p
2MEr �M/ i?2 Mm+H2QM ivT2- f(~v) Bb i?2 p2HQ+Biv /Bbi`B#miBQM Q7 i?2 /�`F K�ii2` BM i?2

?�HQ- vmin =
p
MEr/2µ2 Bb i?2 KBMBK�H p2HQ+Biv i?�i ;Bp2b � `2+QBH 2M2`;v Er �M/ vesc Bb i?2

2b+�T2 p2HQ+Biv 7`QK i?2 ?�HQX
AM ;2M2`�H /B`2+i /2i2+iBQM `2HB2b ?2�pBHv QM bmTT`2bbBM; ai�M/�`/ JQ/2H #�+F;`QmM/b

r?B+? rQmH/ #2 i?2 Qp2`r?2HKBM;Hv /QKBM�Mi +�mb2 Q7 Q#b2`p2/ `2+QBHbX h?Bb Bb /QM2 #v
KQpBM; i?2 2tT2`BK2Mib /22T mM/2` ;`QmM/ r?2`2 i?2v �`2 b?B2H/2/ 7`QK +QbKB+ `�vb- �M/
#v bT2+B}+�HHv b?B2H/BM; i?2 /2i2+iQ` b�KTH2b �;�BMbi HQ+�H `�/BQ�+iBpBivX "2vQM/ i?Bb- i?2`2
�`2 irQ K�BM i�+iB+b 7QHHQr2/ BM Q`/2` iQ i`v iQ /B`2+iHv /2i2+i /�`F K�ii2`,

Ç amTT`2bb U�HKQbiV �HH #�+F;`QmM/b �M/ KQMBiQ` �b H�`;2 � pQHmK2 �b TQbbB#H2X h?Bb mb2/
BM 2tT2`BK2Mib bm+? �b s1LPL- S�L.�a �M/ *.JaX

Ç GQQF 7Q` �M �MMmH�` KQ/mH�iBQM BM i?2 2p2Mi `�i2 Ĝ /m2 iQ i?2 1�`i?Ƕb KQp2K2Mi BM i?2
;�H�+iB+ `2bi 7`�K2 �M/ i?mb BM i?2 /�`F K�ii2` ?�HQ- +?�M;BM; i?2 p2HQ+Biv BMi2;`�H BM
1[X U3X9V Ĝ iQ Q#b2`p2 � bK�HH /�`F K�ii2` bB;M�H QM iQT Q7 � +QMbi�Mi #�+F;`QmM/- bm+?
�b mb2/ BM i?2 .�J� �M/ *Q:2Lh 2tT2`BK2MibX

6B;m`2 3X8 b?Qrb `2bmHib 7`QK i?2 +m``2Mi KQbi BKTQ`i�Mi /B`2+i /2i2+iBQM 2tT2`BK2Mib �b
HBKBib QM i?2 /�`F K�ii2`ĜMm+H2QM +`Qbb b2+iBQM �b � 7mM+iBQM Q7 /�`F K�ii2` K�bbX P#b2`p2
i?�i r?BH2 .�J� +H�BKb � /2i2+iBQM U+HQb2/ `2;BQMbV- i?2b2 �`2 �H`2�/v 2t+Hm/2/ #v K�Mv
Qi?2` 2tT2`BK2MibX 6Q` `272`2M+2- � M2mi`�HBMQ qAJS +QmH/ `2�bQM�#Hv #2 2tT2+i2/ iQ ?�p2
� b+�ii2`BM; +`Qbb b2+iBQM BM i?2 `�M;2 10�45

� 10�50 +K2 7Q` K�bb2b BM i?2 `�M;2 RyyĜRyyy
:2o (8k)X h?2 /�b?2/ v2HHQr HBM2 b?Qrb r?�i Bb +�HH2/ i?2 M2mi`BMQ ~QQ`X h?Bb Bb i?2 +`Qbb
b2+iBQM i?�i +�M #2 `2�+?2/ #27Q`2 i?2 2tT2`BK2Mib rQmH/ #2 b�im`�i2/ rBi? `2+QBHb /m2 iQ
M2mi`BMQb b+�ii2`BM; Qz i?2 2tT2`BK2Mi b�KTH2X :QBM; #2HQr i?2 M2mi`BMQ ~QQ` rQmH/ M22/

8>Qr2p2`- r?BH2 i?2 [m�`FĜ/�`F K�ii2` +`Qbb b2+iBQM Bb `2H�iBp2Hv 2�bv iQ +�H+mH�i2- i?2 7�+i i?�i i?2 [m�`F
Bb #QmM/ BM � Mm+H2QM- �M/ i?2 Mm+H2QM #QmM/ iQ � Mm+H2mb K�F2b i?Bb KQ`2 /B{+mHi BM T`�+iB+2- BMpQHpBM; �HbQ
2biBK�i2b 7`QK Mm+H2�` T?vbB+bX
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M2r 2tT2`BK2Mi�H i2+?MB[m2b- 7mM/�K2Mi�HHv- i?2 /B`2+iBQM Q7 i?2 T�`iB+H2 +`2�iBM; i?2 `2+QBH
rQmH/ M22/ iQ #2 `2+QMbi`m+i2/X

6B;m`2 3X8, SHQi Q7 /Bz2`2Mi 2t+HmbBQM �M/ /2i2+iBQM `2bmHib 7Q` /B`2+i /2i2+iBQM Q7 /�`F K�ii2`
BM i?2 qAJS K�bb p2`bmb qAJSĜMm+H2QM +`Qbb b2+iBQM TH�M2 (8j)X h?2 /�b?2/ v2HHQr HBM2
b?Qrb i?2 M2mi`BMQ ~QQ`X

3X8 AM/B`2+i /2i2+iBQM
AM BM/B`2+i /2i2+iBQM r2 HQQF 7Q` i?2 �MMB?BH�iBQM- �� ! SM SM - Q` /2+�v T`Q/m+ib Q7
/�`F K�ii2` BM KmHiBTH2 }M�H UK2bb2M;2`V bi�i2b BM +QbKB+ `�vbX h?2 pB�#H2 b2�`+? +?�MM2Hb
Kmbi #2 bi�#H2 ai�M/�`/ JQ/2H T�`iB+H2b- bQ i?�i i?2v +�M `2�+? i?2 1�`i? UQ` b�i2HHBi2b BM
Q`#BiVX h?2 K2bb2M;2`b b?QmH/ �HbQ ?�p2 �b HQr #�+F;`QmM/b 7`QK Q`/BM�`v �bi`QT?vbB+�H
T`Q+2bb2b �b TQbbB#H2- i?Bb K�F2b b2�`+?2b rBi? 2H2+i`QMb �M/ T`QiQMb 2ti`� +?�HH2M;BM;X h?2
`2K�BMBM; +�M/B/�i2b �`2 T?QiQMb- M2mi`BMQb- TQbBi`QMb- �MiBT`QiQMb �M/ �MiB/2mi2`QMbXe q2
MQr /Bb+mbb i?2 T`QT2`iB2b Q7 2�+? Q7 i?2b2 BM � HBiiH2 KQ`2 /2i�BHX

S?QiQMb

h?2b2 +�M 2Bi?2` +QK2 7`QK /B`2+i T`Q/m+iBQM T`Q+2bb2b bm+? �b i?2 �MMB?BH�iBQM +?�MM2Hb
�� ! ��, Z�- r?B+? Bb `2H�iBp2Hv 2�bv iQ /2i2+i #2+�mb2 i?2 bT2+i`mK Bb � b?�`T HBM2 �i

eSQi2MiB�HHv- 2p2M ?2�pB2` �MiBMm+H2B i?�M �MiB/2mi2`QMb +QmH/ #2 mb2/- #mi i?2v rQmH/ #2 2p2M `�`2`X
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2t�+iHv i?2 K�bb Q7 i?2 /�`F K�ii2`- Q` i?2v +QmH/ #2 � 7`QK #`2Kbbi`�?HmM; Q` TBQM /2+�vb
BM i?2 �MMB?BH�iBQM /2+�v T`Q/m+ib- r?B+? +`2�i2b � #`Q�/ bT2+i`mKX h?Bb Bb ?�`/2` iQ /2i2+i
#2+�mb2 Q7 i?2 H�`;2 #�+F;`QmM/ Q7 #Q;@bi�M/�`/ �bi`QT?vbB+�H T?QiQMb- #mi Bb 2tT2+i2/ iQ
K�F2 mT i?2 K�DQ`Biv Q7 T?QiQMb 7`QK /�`F K�ii2`X S?QiQMb 7`QK /�`F K�ii2` ?�p2 i?2
�/p�Mi�;2 i?�i i?2v TQBMi iQ i?2 bQm`+2- bQ r2 +�M 7Q+mb Qm` b2�`+?2b QM �`2�b BM Qm` ;�H�tv
Q` M2�`#v ;�H�tB2b rBi? H�`;2 ⇢DM - r?2`2 �MMB?BH�iBQM Q` /2+�v Bb KQ`2 T`Q#�#H2- �M/ i?mb
`2/m+BM; TQi2MiB�H #�+F;`QmM/b `2H�iBp2 iQ i?2 bB;M�HX q2 +�M �HbQ HQQF 7Q` T?QiQMb i?�i �`2
2ti`�;�H�+iB+ BM Q`B;BM- #mi i?2M r2 ?�p2 iQ �++QmMi 7Q` i?2 `2/@b?B7iBM; Q7 i?2 bT2+i`mKX

.�`F K�ii2` �MMB?BH�iBM; BM Qm` QrM ;�H�tv BMiQ T?QiQMb b?QmH/ `2bmHi BM � /Bz2`2MiB�H
~mt �i 1�`i? BM i2`Kb Q7 2M2`;v E �M/ bQHB/ �M;H2 ⌦ ;Bp2M #v

d�

dEd⌦
=

1

8⇡m2
�

dN�

dE
h�vi

Z

HXQXbX
⇢2DM (l)dl, U3X8V

r?2`2 N�(E) ;Bp2b i?2 MmK#2` Q7 T?QiQMb rBi? 2M2`;v E BM � bBM;H2 �MMB?BH�iBQM 2p2Mi �M/ i?2
BMi2;`�H Bb Qp2` i?2 /�`F K�ii2` /2MbBiv BM i?2 HBM2 Q7 bB;?iX q2 b22 i?�i i?2 ~mt /2T2M/b QM
i?2 b[m�`2 Q7 i?2 /�`F K�ii2` /2MbBiv bBM+2 �MMB?BH�iBQM `2[mB`2b irQ T�`iB+H2b iQ #2 T`2b2MiX
6Q` /2+�vBM; /�`F K�ii2` i?2 +Q``2bTQM/BM; 2tT`2bbBQM Bb T`QTQ`iBQM�H iQ ⇢DM X

h?2`2 ?�p2 #22M bQK2 BM/B+�iBQMb Q7 �M 2t+2bb Q7 T?QiQMb �#Qp2 2tT2+i2/ #�+F;`QmM/b
7`QK i?2 ;�H�+iB+ +2Mi`2 U�XFX�X i?2 >QQT2`QM (89)V- ?Qr2p2`- MQ mM�K#B;mQmb /�`F K�ii2`
bB;M�H ?�b #22M +QM}`K2/X *m``2Mi HBKBib 7`QK i?2 62`KB@G�h 2tT2`BK2Mi b22Kb iQ `mH2 Qmi
KQbi TQbbB#H2 KQ/2Hb 7Q` � /�`F K�ii2` 2tTH�M�iBQM 7Q` i?Bb 2t+2bb- �M/- KQ`2 BKTQ`i�MiHv-
b2ib � +`Qbb b2+iBQM HBKBi 7Q` /�`F K�ii2` �MMB?BH�iBQM +HQb2- �M/ 7Q` bQK2 K�bb2b #2vQM/- iQ
i?2 +�MQMB+�H HBKBi Q7

h�vi = 3⇥ 10�26 cm3s�1,

r?B+? rQmH/ ;Bp2 i?2 +Q``2+i /�`F K�ii2` /2MbBiv- b22 6B;X 3XeXd h?Bb HBKBi Bb bQK2 Q7 i?2
bi`QM;2bi 2pB/2M+2 iQ/�v �;�BMbi qAJS /�`F ;HBii2`X

L2mi`BMQb

h?2b2 �HbQ TQBMi iQ i?2B` bQm`+2 bBM+2 bBM+2 i?2v �`2 2H2+i`B+�HHv M2mi`�H- �M/ +�M #2 2ti`�@
;�H�+iB+ BM Q`B;BM Dmbi HBF2 i?2 T?QiQMb- biBHH `2�+?BM; i?2 1�`i?X h?2 b�K2 ~mt +�H+mH�iBQM
+�M #2 mb2/- bi�`iBM; 7`QK i?2 M2mi`BMQ bT2+i`mK 7`QK /�`F K�ii2` �MMB?BH�iBQMX q?BH2 i?2
�bi`QT?vbB+�H #�+F;`QmM/ Bb Km+? bK�HH2`- i?2 M2mi`BMQ bB;M�H Bb /B{+mHi iQ /2i2+i /m2 iQ i?2
r2�F K�ii2` BMi2`�+iBQMX h?2 +m``2Mi H2�/BM; 2tT2`BK2Mi BM /2i2+iBM; M2mi`BMQb 7`QK /�`F
K�ii2` �MMB?BH�iBQM Q` /2+�v Bb i?2 A+2*m#2 2tT2`BK2Mi �i i?2 aQmi? SQH2 i?�i ?�b BMbi`m@
K2Mi2/ � +m#B+ FBHQK2i`2 Q7 i?2 aQmi? SQH2 B+2 rBi? T?QiQ/2i2+iQ`b � FBHQK2i`2 #2HQr i?2
bm`7�+2X3

PM2 BMi2`2biBM; �Hi2`M�iBp2 TQbbB#BHBiv Bb i?�i /�`F K�ii2` b+�ii2`b QM Q`/BM�`v K�ii2`
bm{+B2MiHv bi`QM;Hv i?�i i?2 /�`F K�ii2` �++mKmH�i2b �i i?2 +2Mi`2 Q7 i?2 amM UQ` TQbbB#Hv
i?2 1�`i?V- #2+�mb2 Bi b+�ii2`b Q7 i?2 amMb �iQKb- HQb2b 2M2`;v �M/ #2+QK2b ;`�pBi�iBQM�HHv
#QmM/- mHiBK�i2Hv #2BM; 7m`i?2` /QrMb+�ii2`2/ BM 2M2`;v BM KmHiBTH2 BMi2`�+iBQMb- b2iiHBM; �i
i?2 amMb +2Mi`2X q?2M i?2b2 .J T�`iB+H2b �MMB?BH�i2 i?2 QMHv /2+�v T`Q/m+ib i?�i +�M 2b+�T2
i?2 amMǶb BMi2`BQ` �`2 M2mi`BMQbX h?2b2 +QmH/ i?2M TQi2MiB�HHv #2 /2i2+i2/- �M/ i?2 7�+i i?�i

dE22T BM KBM/ i?Qm;?- i?�i i?2 p2HQ+Biv /Bbi`B#miBQM Q7 �Mv /�`F K�ii2` iQ/�v rQmH/ MQi #2 i?2 b�K2 �b
/m`BM; 7`22x2@Qmi �i � Km+? ?B;?2` i2KT2`�im`2- bQ i?2 +`Qbb b2+iBQM MmK#2`b �`2 MQi 2t�+iHv i`�MbH�i�#H2X

3h?Bb b?QmH/- QM ;�H�+iB+ b+�H2b- ;2i bQK2 bQ`i Q7 T`Bx2 7Q` i?2 ;2MBmbHv Mmib+�b2 B/2�X
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6B;m`2 3Xe, _2bmHib 7`QK 62`KB@G�h BM/B`2+i ;�KK�@`�v b2�`+?2b BM i?2 �� ! bb̄ +?�MM2HX
:`2v HBM2 b?Qrb HBKBi 7`QK JBHFv q�v ?�HQ b2�`+?- #H�+F HBM2 7`QK JBHFv q�v /r�`7 bT?2`QB/�H
;�H�tv b2�`+? rBi? bBt v2�`b Q7 /�i� (88)X

?B;? 2M2`;v M2mi`BMQb rQmH/ #2 +QKBM; /B`2+iHv 7`QK i?2 amM rQmH/ `2/m+2 �bi`QT?vbB+�H
#�+F;`QmM/b bB;MB}+�MiHvX

SQbBi`QMb

*?�`;2/ T�`iB+H2b T`QT�;�i2 BM � +QKTHB+�i2/ r�v i?`Qm;? i?2 ;�H�+iB+ K�;M2iB+ }2H/- �M/
i?2v �`2 i?2`27Q`2 BKTQbbB#H2 iQ i`�+F #�+F iQ i?2 bQm`+2X �i i?2 b�K2 iBK2 bQm`+2b QmibB/2
Q7 Qm` QrM :�H�tv +�MMQi +QMi`B#mi2 bB;MB}+�MiHv iQ i?2 ~mt �i 1�`i?X SQbBi`QMb �HbQ ?�p2
`2H�iBp2Hv H�`;2 �bi`QT?vbB+�H #�+F;`QmM/b- 7Q` 2t�KTH2 TmHb�`b �`2 2tT2+i2/ iQ T`Q/m+2 �
bB;MB}+�Mi �KQmMi Q7 HQr2` 2M2`;v TQbBi`QMb- bQ 2tT2`BK2Mib b2�`+? 7Q` bK�HH 2t+2bb2b QM
H�`;2 #�+F;`QmM/b- KQbiHv �i ?B;? 2M2`;B2bX aQK2 TQi2MiB�H 2t+2bb ?�b #22M b22M BM i?2 T�bi
#v 62`KB@G�h �M/ S�J1G�- #mi i?Bb ?�b MQi #22M +QM+HmbBp2X

�MiBT`QiQMb

Cmbi �b i?2 TQbBi`QMb i?2b2 T`QT�;�i2 BM � +QKTHB+�i2/ K�MM2`- #mi i?2 #�+F;`QmM/b �`2
mM/2` #2ii2` +QMi`QH /m2 iQ i?2 H�+F Q7 bB;MB}+�Mi �bi`QT?vbB+�H �MiBT`QiQM T`Q/m+iBQM- 2t+2Ti
7`QK i?2 b+�ii2`BM; Q7 p2`v ?B;? 2M2`;v +QbKB+ `�vb QM i?2 BMi2`bi2HH�` K2/BmKX h?2 +m``2Mi
#2bi HBKBib ?2`2 +QK2 7`QK i?2 �Ja@yk 2tT2`BK2MiX
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�MiB/2mi2`QMb

h?2b2 ?�p2 p2`v HQr #�+F;`QmM/b #2+�mb2 i?2 T`Q/m+iBQM Q7 �MiB/2mi2`QMb BM �bi`QT?vbB+�H
T`Q+2bb2b Bb 2ti`2K2Hv `�`2- BM T�`iB+mH�` �i HQr 2M2`;B2b- /m2 iQ i?2 +QMb2`p�iBQM Q7 #�`vQM
MmK#2` �M/ i?2 `2[mB`2/ ?B;? 2M2`;v Q7 +QbKB+ `�vb iQ T`Q/m+2 irQ �MiB#�`vQMb U�i H2�bi
irQ #�`vQMb Kmbi #2 T`Q/m+2/ BM i?2 b�K2 BMi2`�+iBQMVX h?Bb K2�Mb i?�i i?2 /2i2+iBQM Q7 �M
�MiB/2mi2`QM b?QmH/ #2 � bKQFBM; /m+F bB;M�H Q7 /�`F K�ii2` �MMB?BH�iBQM Q` /2+�vX >Qr2p2`-
i?2 T?vbB+b Q7 i?2 7Q`K�iBQM Q7 �MiB/2mi2`QMb 7`QK /�`F K�ii2` Bb [mBi2 +QKTHB+�i2/ �M/ ?�`/
iQ `2HB�#Hv +�H+mH�i2- #`BMBM; BM 2ti`� mM+2`i�BMivX *m``2Mi b2�`+?2b b2i mTT2` #QmM/b QM i?2
~mt Q7 �MiB/2mi2`QMb �i i?2 1�`i?X Ai Bb ?QT2/ i?�i �Ja@yk rBHH T`QpB/2 M2r #2ii2` /�i� QM
�MiB/2mi2`QMb bQQMXN

3Xe 1t+2`+Bb2b

1t2`+Bb2 3XR
a?Qr i?�i �� ! Z ! ff̄ ;Bp2b

�v ⇡
g4E2

�

128⇡m2

Z

, U3XeV

r?B+? BM i?2 HQr@p2HQ+Biv HBKBi +�M #2 b?QrM iQ #2

h�vi0 ⇡ 10�25 cm3s�1.

Nh?Bb ?�b #22M ?QT2/ 7Q` � p2`v HQM; iBK2X
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