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What is Dark Matter?

5IFSF JT B XJEF SBOHF PG FWJEFODF GPS UIF FYJT�
UFODF PG iEBSLNBUUFSw JO UIF 6OJWFSTF� 5IJT FW�

JEFODF SBOHFT GSPN NFBTVSFNFOUT PG UIF FBSMZ 6OJ�
WFSTF TVDI BT UIF DPTNJD NJDSPXBWF CBDLHSPVOE
UP UIF NPUJPO PG HBMBYJFT BOE HBMBYZ DMVTUFST� 5IF
RVFTUJPO GPS NPTU QBSUJDMF QIZTJDJTUT JT OPU XIFUIFS
EBSL NBUUFS FYJTUT CVU SBUIFS XIBU UZQF PG QBSUJDMFo
PS QBSUJDMFToNBLF VQ UIF EBSL NBUUFS� 8F XBOU
UP LOPX XIBU UIF QSPQFSUJFT PG UIFTF QBSUJDMFT
BSF� UIFJS NBTT UIFJS TQJO XIFUIFS UIFZ JOUFSBDU
XJUI PSEJOBSZ NBUUFS XJUI GPSDFT PUIFS UIBO HSBW�
JUZ XIFUIFS UIFZ JOUFSBDU BNPOH UIFNTFMWFT BOE
XIFUIFS UIFZ BSF QBSU PG B SJDI EBSL TFDUPS UIBU TUJMM
BXBJUT EJTDPWFSZ�

#FZPOE 8*.1T� 5IF TFBSDI GPS EBSL NBUUFS IBT VO�
EFSHPOF B ESBTUJD TIJGU SFDFOUMZ� 'PS EFDBEFT UIF
NBJO EBSL NBUUFS DBOEJEBUF IBT CFFO B 8FBLMZ *O�
UFSBDUJOH .BTTJWF 1BSUJDMF PS i8*.1w XIJDI EF�
TQJUF JUT NFFL OBNF IBT EPNJOBUFE FYQFSJNFOUBM
TFBSDIFT� " 8*.1oB QBSUJDMF UIBU GFFMT UIF 8FBL
GPSDF PG UIF 4UBOEBSE .PEFM XJUI B NBTT CFUXFFO
BCPVU � UP ����� UJNFT UIF QSPUPO NBTToXPVME CF
QSPEVDFE JO UIF FBSMZ 6OJWFSTF TIPSUMZ BGUFS UIF
#JH #BOH XJUI B DBMDVMBCMF BCVOEBODF UIBU SPVHIMZ
NBUDIFT UIF POF PCTFSWFE� 5IJT NBLFT UIFN FY�
DJUJOH DBOEJEBUFT FTQFDJBMMZ TJODF NBOZ UIFPSJFT PG
QIZTJDT UIBU HP CFZPOE UIF 4UBOEBSE .PEFM PGUFO
DPOUBJO OFX TUBCMF QBSUJDMFT XJUI QSFDJTFMZ UIF SF�
RVJSFE QSPQFSUJFT PG B8*.1� )PXFWFS GPS NPSF UIBO
B EFDBEF UIFSF IBWF CFFO OP TJHOT PG OFX QIZTJDT
CFZPOE UIF 4UBOEBSE .PEFM BU UIF -BSHF )BESPO
$PMMJEFS BOE B XJEF BSSBZ PG FYQFSJNFOUBM TFBSDIFT
TUJMM TFF OP FWJEFODF GPS 8*.1T� 5IJT IBT MFE EBSL
NBUUFS QIZTJDJTUT UP CSPBEFO UIF UIFPSFUJDBM QPTTJ�
CJMJUJFT GPS XIBU DPOTUJUVUFT EBSL NBUUFS BOE UP ESB�
NBUJDBMMZ FYQBOE TFBSDIFT GPS JU�

6B;m`2 RX 5IF MBOETDBQF PG NBTTFT GPS EBSL NBUUFS
QBSUJDMF DBOEJEBUFT� 5SBEJUJPOBM TFBSDIFT GPS 8*.1
QBSUJDMF�MJLF EBSL NBUUFS IBWF UIVT GBS OPU ZJFMEFE B DMFBS
EJTDPWFSZ BOE UIF BCVOEBODF PG PQUJPOT GSPN UIF
MJHIUFTU CPTPOT UP FYUSFNFMZ NBTTJWF QBSUJDMFT SFRVJSF
OFX TUSBUFHJFT UP CF DPODFJWFE�

" 8JEF %BSL .BUUFS .BTT 3BOHF� 5IF MBOETDBQF
PG QPTTJCJMJUZ GPS QBSUJDMF EBSL NBUUFS UIBU JT OPX VO�
EFS BDUJWF JOWFTUJHBUJPO GSPN UIFPSJTUT BOE FYQFSJ�
NFOUBMJTUT TQBOT BCPVU �� PSEFST PG NBHOJUVEF JO
EBSL NBUUFS NBTT BMPOF 	TFF 'JHVSF �
� GSPN BCPVU
10−22 F7 UP UIF 1MBODL NBTT� #FMPX∼� LF7 UIF EBSL
NBUUFS NVTU CF B CPTPO TJODF B GFSNJPO XIJDI IBT
UP PCFZ 1BVMJ FYDMVTJPO QSJODJQMF XPVME OPU CF BCMF
UP GPSN B TUSVDUVSF UIF TJ[F PG PCTFSWFE EXBSG HBMBY�
JFT� 0O UIF PUIFS IBOE UIF EF #SPHMJF XBWFMFOHUI
GPS B CPTPOJD EBSL NBUUFS QBSUJDMF XPVME CF MBSHFS
UIBO UIF TJ[F PG PCTFSWFE EXBSG HBMBYJFT JG JUT NBTT
JT CFMPX 10−22 F7�

%BSL�4FDUPS %BSL .BUUFS� 2VJUF HFOFSJDBMMZ UIF
EBSL NBUUFS JO UIJT FOUJSF NBTT SBOHF DPVME CF QBSU
PG B iEBSL TFDUPSw 	TFF 'JHVSF �
 XIJDI DPOTJTUT PG
QBSUJDMFT BOE GPSDF NFEJBUPST UIBU EP OPU GFFM BOZ PG
UIF LOPXO8FBL 4USPOH PS &MFDUSPNBHOFUJD GPSDFT�
JOUFSBDUJPOT XJUI PSEJOBSZ NBUUFS DPVME PDDVS XJUI
OFX GPSDF QBSUJDMFT� 8IJMF UIF QPTTJCJMJUJFT BSF EJ�
WFSTF UIJT JT OPU B NBUUFS PG iBOZUIJOH HPFTw TJODF
NBOZ DPOTUSBJOUT OFFE UP CF TBUJTåFE� NPSFPWFS
POF OFFET UP BDDPVOU GPS UIF XBZ UIFTF QBSUJDMFT
DBO CF QSPEVDFE EVSJOH UIF IJTUPSZ PG UIF #JH #BOH
UP SFBDI UIF BCVOEBODF XF PCTFSWF UPEBZ� 4FW�
FSBM XFMM�NPUJWBUFE QSPEVDUJPO TDFOBSJPT FYJTU UIBU
NBLF TIBSQ UFTUBCMF QSFEJDUJPOT GPS UIF EBSL NBUUFS
NBTT BOE JOUFSBDUJPOT� " MBSHF SBOHF PG FYQFSJNFOUT
BOE BTUSPQIZTJDBM QSPCFT OFFE UP CF EFWFMPQFE JO

The landscape of masses for dark matter particle 
candidates. Traditional searches for WIMP parti-
cle-like dark matter have thus far not yielded a clear 
discovery, and the abundance of options, from the 
lightest bosons to extremely massive particles re-
quire new strategies to be conceived
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PSEFS UP QSPCF EBSL NBUUFS BDSPTT TVDI WBTUMZ EJGGFS�
FOU NBTT TDBMFT BOE EFDJQIFS XIJDI DBOEJEBUF IBT
CFFO SFBMJ[FE CZ OBUVSF�

6B;m`2 kX %BSL NBUUFS NBZ CF QBSU PG B EBSL TFDUPS XIJDI
DPVME DPOTJTU PG TFWFSBM QBSUJDMFT BOE GPSDF DBSSJFST BOE
XIJDI DPVME CF DPOOFDUFE XJUI PSEJOBSZ NBUUFS
	EFTDSJCFE CZ UIF 4UBOEBSE .PEFM
 UISPVHI NFEJBUPST�
5IJT TJNQMF QPTTJCJMJUZ MFBET UP B SFNBSLBCMZ SJDI TFU PG
QSFEJDUJPOT GPS B XJEF SBOHF PG UFSSFTUSJBM BOE
DPTNPMPHJDBM PCTFSWBUJPOT�

A Multitude of New Searches

Terrestrial Probes

5SBEJUJPOBM 4FBSDIFT GPS8*.1T� 5FSSFTUSJBM QSPCFT
TVDI BT BDDFMFSBUPS EJSFDU�EFUFDUJPO BOE QSFDJTJPO
NFBTVSFNFOUT IBWF QMBZFE B DSVDJBM SPMF JO UIF
TFBSDI GPS 8*.1T� "DDFMFSBUPS FYQFSJNFOUT IPQF UP
QSPEVDF EBSL NBUUFS QBSUJDMFT JO DPMMJTJPOT PG 4UBO�
EBSE .PEFM QBSUJDMFT� 5IFTF DBO CF JO UIF GPSN PG
DPMMJEJOH�CFBN FYQFSJNFOUT JO XIJDI DPMMJTJPOT PG
FMFDUSPO�QPTJUSPO QBJST PS QSPUPO�	BOUJ
QSPUPO QBJST
QSPEVDF EBSL NBUUFS QBSUJDMFT XIJDI UIFO BQQFBS
BT NJTTJOH FOFSHZ XJUI PUIFS 4UBOEBSE .PEFM QBS�
UJDMFT� 0O UIF PUIFS IBOE EJSFDU�EFUFDUJPO FYQFSJ�
NFOUT TFBSDI GPS UIF TNBMM TJHOBMT DSFBUFE XIFO B
EBSL NBUUFS QBSUJDMF JO PVS IBMP TDBUUFST PGG B UBS�
HFU NBUFSJBM� 5IFTF FYQFSJNFOUT BSF VTVBMMZ MP�
DBUFE EFFQ VOEFSHSPVOE BOE BSF XFMM�TIJFMEFE UP
BWPJE DPOUBNJOBUJPO GSPN SBEJPBDUJWF CBDLHSPVOET
BOE DPTNJD SBZT�

6B;m`2 jX -FGU� 5IF 9&/0/O5 8*.1 EBSL NBUUFS
FYQFSJNFOU CFJOH JOTUBMMFE JO UIF -/(4 MBCPSBUPSZ JO
*UBMZ 	QIPUP DSFEJU� UIF 9&/0/ DPMMBCPSBUJPO
� 3JHIU� 5IF
4&/4&* EBSL NBUUFS FYQFSJNFOU CFJOH BTTFNCMFE BU
4/0-"# JO $BOBEB�

5SBEJUJPOBM TFBSDIFT GPS EBSL NBUUFS XJUI NBTTFT
BCPWF UIF QSPUPO JODMVEJOH 8*.1T BSF NBUVSF�
$&3/�T -BSHF )BESPO $PMMJEFS TFFT OP FWJEFODF GPS
FYDFTT NJTTJOH FOFSHZ FWFOUT UIBU DPVME JOEJDBUF
UIF QSPEVDUJPO PG EBSL NBUUFS� 5IF EJSFDU�EFUFDUJPO
FYQFSJNFOUT UIBU BSF TFBSDIJOH GPS 8*.1T UIBU TDBU�
UFS FMBTUJDBMMZ PGG OVDMFJ OPX DPOTJTU PG NVMUJ�UPO
TDBMF EFUFDUPST XJUI OPCMF�MJRVJE UBSHFUT 	YFOPO BOE
BSHPO
 MFE CZ UIF 9&/0/O5 	TFF 'JHVSF � 	MFGU

 -;
1BOEB9��5 BOE %BSL4JEF���L FYQFSJNFOUT <.+��
"+��B "+��B "+��>� "U UIF DFOUFS PG UIFTF EF�
UFDUPST POF DBO åOE UIF MFBTU OVNCFS PG SBEJPBDUJWF
CBDLHSPVOE FWFOUT BOZXIFSF PO &BSUI XJUI POMZ
∼��� FWFOUT�UPOOF�ZFBS DPNQBSFE XJUI IVOESFET
PG FWFOUT FWFSZ TFDPOE UIBU B QFSTPO FYQFSJFODFT PO
&BSUI�T TVSGBDF� %FTQJUF UIF EFUFDUPST� MBSHF UBSHFU
NBTT BOE MPX CBDLHSPVOET UIFZ IBWF TFFO OP FWJ�
EFODF GPS 8*.1T�

1BSUJDMF�MJLF 7FSTVT 8BWF�MJLF %BSL .BUUFS� 5P
TFBSDI GPS EBSL NBUUFS XJUI NBTTFT CFMPX UIF QSP�
UPO CPUI OFX BOE B SBOHF PG EJGGFSFOU EFUFDUJPO DPO�
DFQUT BSF OFFEFE� *O QBSUJDVMBS EBSL NBUUFS XJUI
NBTT NVDI CFMPX �� F7 CFIBWFT MJLF B iXBWFw
XIJMF EBSL NBUUFS XJUI NBTTFT NVDI BCPWF �� F7
CFIBWFT MJLF B iQBSUJDMF�w 5P VOEFSTUBOE XIZ JU JT
VTFGVM UP SFDBMM TPNF CBTJD QSPQFSUJFT PG EBSL NBU�
UFS JO PVS TPMBS TZTUFN JO QBSUJDVMBS UIF MPDBM QIBTF
TQBDF EFOTJUZ BOE UIFJS FOFSHZ� 5IF MPDBM EBSL NBU�
UFS EFOTJUZ JT ρ%.,0 ∼��� (F7�DN3 TP UIBU UIF MPDBM
OVNCFS EFOTJUZ JT n%.,0 ∼ 8 CJMMJPO

MJUFS (1 F7/m%.)� (JWFO

THE NEW DARK MATTER LANDSCAPE

Figure 2: Dark matter may be part of a dark sector, 
which could consist of several particles and force car-
riers, and which could be connected with ordinary 
matter (described by the Standard Model) through me-
diators. This simple possibility leads to a remarkably 
rich set of predictions for a wide range of terrestrial 
and cosmological observations

Left: The XENONnT WIMP dark matter experiment being 
installed in the LNGS laboratory in Italy (photo credit: the 
XENON collaboration). Right: The SENSEI dark matter ex-
periment being assembled at SNOLAB in Canada. 
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UIF EBSL NBUUFS�T NFBO MPDBM WFMPDJUZ PG v%.,0 ∼
220 LN�TFDPOE JUT EF #SPHMJF XBWFMFOHUI JT

λE# ∼ h

p
∼ h

m%. v%.,0
∼ 34 µN

(
50 F7
m%.

)
,

XIFSF h JT 1MBODL�T DPOTUBOU BOE p JT UIFNPNFOUVN
XIJMF UIF NFBO EJTUBODF CFUXFFO UIF EBSL NBUUFS
QBSUJDMFT JT

d ∼
(

3

4πn0

)1/3

∼ 30 µN
(
50 F7
m%.

)1/3

.

5IF SBUJP PG UIF EF #SPHMJF PWFS UIF NFBO EJTUBODF JT

λE#

d
∼ 1.1

(
50 F7
m%.

)4/3

.

'PS λE#/d " 1 	J�F� m%. # 50 F7
 UIF PDDVQBUJPO
OVNCFS JO BOZ HJWFO WPMVNF PG TQBDF JT WFSZ MBSHF
BOE UIF EBSL NBUUFS CFIBWFT MJLF B DPIFSFOUMZ PTDJM�
MBUJOH XBWF XIPTF GSFRVFODZ JT HJWFO CZm%.c2/�h 	c
JT UIF TQFFE PG MJHIU �h = h/2π
� *O UIF PQQPTJUF MJNJU
UIF PDDVQBUJPO OVNCFS JT MPX BOE XF DBO UIJOL PG B
TJOHMF EBSL NBUUFS QBSUJDMF JOUFSBDUJOH XJUI B EFUFD�
UPS�

5FSSFTUSJBM 4FBSDIFT GPS 8BWF�MJLF %BSL .BUUFS�
1FSIBQT UIF NPTU GBNPVT iXBWF�MJLFw EBSL NBUUFS
DBOEJEBUF JT UIF i2$% BYJPOw XIJDI XPVME BMTP FY�
QMBJO XIZ UIF TUSPOH GPSDF EFTDSJCFE CZ 2VBOUVN
$ISPNPEZOBNJDT 	2$%
 EPFT OPU WJPMBUF UIF DIBSHF
DPOKVHBUJPO�QBSJUZ TZNNFUSZ <8FJ�� 8JM��>� 5IF
"YJPO %BSL .BUUFS F9QFSJNFOU 	"%.9
 <#+��> JT
CBTFE PO BO PME JEFB BOE VTFT B TUSPOH NBHOFUJD
åFME JO B DBWJUZ UP DPOWFSU EBSL NBUUFS BYJPOT UP EF�
UFDUBCMF NJDSPXBWF QIPUPOT <4JL��>� )PXFWFS UIF
QBTU EFDBEF IBT TFFO EP[FOT PG OFX JEFBT FNFSHF
GPS IPX UP QSPCF UIF 2$% BYJPO BT XFMM BT NPSF
HFOFSBM BYJPO�MJLF QBSUJDMFT 	PS i"-1Tw
 TDBMBST BOE
WFDUPS CPTPOT� 4FWFSBM FYQFSJNFOUT IBWF CFFO QSP�
QPTFE UP QSPCF UIF MBSHF GSFRVFODZ SBOHF DPSSF�
TQPOEJOH UP UIF FOUJSF XBWF�MJLF EBSL NBUUFS NBTT
SBOHF 	BCPVU 10−22 F7 UP∼�� F7
 BT XFMM BT UP QSPCF
EJGGFSFOU IZQPUIFUJDBM JOUFSBDUJPOT CFUXFFO UIF EBSL
NBUUFS BOE PSEJOBSZ NBUUFS 	F�H� "%.9�)' /"4�
%6$, )":45"$ $"41&S "#3"$"%"#3" %.�
3BEJP FUD�
 <"+��C "+��D>�

5FSSFTUSJBM 4FBSDIFT GPS 1BSUJDMF�MJLF %BSL .BU�
UFS� 1BSUJDMF�MJLF EBSL NBUUFS XJUI NBTTFT CFMPX
UIF QSPUPO IBWF IJTUPSJDBMMZ CFFO TDBSDFMZ FYQMPSFE�
5IJT IBT DIBOHFE JO UIF QBTU EFDBEF BOE OPXNBOZ
OFX JEFBT FYJTU� /FX BDDFMFSBUPS�CBTFE QSPCFT
IBWF CFFO QSPQPTFE BOE TFWFSBM OFX TFBSDIFT IBWF

BMSFBEZ CFFO SFBMJ[FE� 'PS FYBNQMF UIF '"4&3 FY�
QFSJNFOU <"+��> IBT BVHNFOUFE UIF -)$ XJUI B EF�
UFDUPS QMBDFE JO UIF GBS�GPSXBSE SFHJPO UP DBUDI FMV�
TJWF EBSL�TFDUPS QBSUJDMFT QSPEVDFE JO UIF QSPUPO�
QSPUPO DPMMJTJPOT PG UIF -)$� 5IF .JOJ#PP/& FYQFS�
JNFOU <""+��> DPOEVDUFE B TQFDJBM SVO JO XIJDI JU
TFBSDIFE GPS EBSL NBUUFS QBSUJDMFT QSPEVDFE JO UIF
QSPUPO CFBNEVNQ BOE TVCTFRVFOUMZ TDBUUFS JO UIFJS
EFUFDUPS� 5IF -%.9 FYQFSJNFOU <S+��> QSPQPTFT UP
VTF BO FMFDUSPO CFBN JODJEFOU PO B åYFE UBSHFU BOE
TFBSDI GPS NJTTJOH NPNFOUVN PG UIF FMFDUSPO BGUFS
JU QBTTFT UISPVHI UIF UBSHFU XIJDI DPVME CF DBVTFE
CZ UIF SBEJBUJPO PG EBSL NBUUFS QBSUJDMFT�

" QMFUIPSB PG OFX EJSFDU�EFUFDUJPO FYQFSJNFOUT IBT
BMTP CFFO QSPQPTFE UP TFBSDI GPS EBSL NBUUFS XJUI
NBTT CFMPX UIF QSPUPO� 5IF DIBMMFOHF PG QSPCJOH
TVDI MJHIU EBSL NBUUFS JT UIBU UIF TUBOEBSE 8*.1
TFBSDI GPS UIF FMBTUJD TDBUUFSJOH PG EBSL NBUUFS XJUI
B OVDMFVT JT WFSZ DIBMMFOHJOH BT UIF SFDPJM FOFSHZ
PG UIF OVDMFVT RVJDLMZ GBMMT CFMPX EFUFDUPS UISFTI�
PMET� *O QBSUJDVMBS KVTU BT B UBCMF UFOOJT CBMM XPVME
USBOTGFS MJUUMF PG JUT FOFSHZ UP B IFBWZ CPXMJOH CBMM
B MJHIU EBSL NBUUFS QBSUJDMF XPVME USBOTGFS WFSZ MJUUMF
FOFSHZ UP B OVDMFVT OBNFMZ POMZ

E/3 =
q2

2m/
∼ 1 F7

( m%.

100 .F7

)2
(
28 (F7
m/

)
.

)PXFWFS JOFMBTUJD JOUFSBDUJPOT TVDI BT EBSLNBUUFS�
FMFDUSPO TDBUUFSJOH UIF .JHEBM FGGFDU 	JO XIJDI EBSL
NBUUFS�BUPN TDBUUFSJOH JT BDDPNQBOJFE CZ UIF JPO�
J[BUJPO PG UIF BUPN
 PS EBSL NBUUFS TDBUUFSJOH PGG
DPMMFDUJWF FYDJUBUJPOT 	QIPOPOT PS NBHOPOT
 EP BM�
MPX GPS UIF USBOTGFS PG UIF EBSLNBUUFS�T FOUJSF LJOFUJD
FOFSHZ

ELJO =
1

2
m%.v

2
%. ∼ 100 F7

( m%.

100 .F7

)
.

"SNFE XJUI UIFTF OFX EFUFDUJPO DPODFQUT B OFX
HFOFSBUJPO PG FYQFSJNFOUT IBT CFFO QSPQPTFE 	F�H�
4&/4&* <#+��> 	TFF 'JHVSF � 	SJHIU

 %".*$�
. <"+��C> 0TDVSB <""+��> 5&44&3"$5 <.+��>

BOE B XJEF BSSBZ PG UBSHFU NBUFSJBMT BSF CFJOH FN�
QMPZFE PS DPOTJEFSFE 	F�H� TFNJDPOEVDUPST TDJOUJM�
MBUPST RVBOUVN EPUT EPQFE TFNJDPOEVDUPST %JSBD
NBUFSJBMT FUD�
 <&+��>�

Cosmological Probes

5IF HSPXJOH OVNCFS BOE RVBMJUZ PG BTUSPQIZTJDBM
BOE DPTNPMPHJDBM NFBTVSFNFOUT TJEF CZ TJEF XJUI
JNQSPWFNFOUT JO UIFPSFUJDBM VOEFSTUBOEJOH 	TVDI BT
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OVNFSJDBMN �CPEZ TJNVMBUJPOT
 IBT MFE UP B QMFUIPSB
PG OFX PQQPSUVOJUJFT UP DPOTUSBJO UIF QIZTJDBM OB�
UVSF PG EBSL NBUUFS FWFO JO UIF BCTFODF PG JOUFSBD�
UJPOT XJUI PSEJOBSZ NBUUFS� 5IF PCTFSWBUJPOT TQBO
UJNFT GSPN UJOZ GSBDUJPOT PG B TFDPOE GPMMPXJOH UIF
#JH #BOH UP PVS PXO UJNF BOE QMBDF BOE TDBMFT GSPN
UIF FOUJSF WJTJCMF 6OJWFSTF EPXO UP EXBSG HBMBYJFT
BOE DMVTUFST PG TUBST� 8FNFOUJPO UXP FYBNQMFT UIBU
DBO CF DPOGSPOUFE XJUI EBUB PG IPX EBSL�TFDUPS EBSL
NBUUFS NBZ JNQBDU UIF GPSNBUJPO PG TUSVDUVSF JO UIF
6OJWFSTF�

4FMG�*OUFSBDUJOH %BSL .BUUFS� 0OF FYDJUJOH QPTTJ�
CJMJUZ JT UIBU EBSL NBUUFS QBSUJDMFT DBO NFBOJOHGVMMZ
JOUFSBDU BNPOH UIFNTFMWFT <44�� 5:��>� 5IJT BM�
MPXT UIF QBSUJDMFT UP FYDIBOHF FOFSHZ XIJDI BG�
GFDUT TUSVDUVSF GPSNBUJPO FTQFDJBMMZ PO TVC�HBMBDUJD
TDBMFT� 'PS TFMG�JOUFSBDUJPOT UP CF SFMFWBOU GPS PCTFS�
WBUJPOT FBDI EBSL NBUUFS QBSUJDMF OFFET UP JOUFSBDU
BU MFBTU PODF XJUIJO UIF BHF PG UIF 6OJWFSTF� 4FUUJOH
UIF JOUFSBDUJPO UJNFTDBMF τ  FRVBM UP UIF BHF PG UIF
6OJWFSTF XF SFRVJSF

τ = (n%.σ4*%.v%.)
−1 =

(
ρ%.
m%.

σ4*%.v%.

)−1

∼ 14 CJMMJPO ZFBST .

5BLJOH UIF EBSLNBUUFS EFOTJUZ BOE WFMPDJUZ UP CF UIF
MPDBM EFOTJUZ ρ%.,0 ∼ 0.4 (F7�DN3 BOE MPDBM NFBO
WFMPDJUZ v%.,0 ∼ 220 LN�TFDPOE UIF SFRVJSFE TFMG�
JOUFSBDUJPO DSPTT�TFDUJPO PWFS UIF EBSL NBUUFS NBTT
JT HJWFO CZ

σ4*%.

m%.
∼ 1

CBSO
(F7

.

3FNBSLBCMZ OBUVSF BMSFBEZ DPOUBJOT iQBSUJDMFTw
XJUI TVDI MBSHF JOUFSBDUJPOT� QSPUPOT OFVUSPOT
BOE OVDMFJ� 'PS FYBNQMF FMBTUJD OFVUSPO�QSPUPO
TDBUUFSJOH BU B SFMBUJWF WFMPDJUZ PG O	��� LN�T
 JT
NFEJBUFE CZ UIF TUSPOH GPSDF BOE IBT σOQ/mn ∼
O	�� CBSO�(F7
� " EBSL TFDUPS UIBU JT TUSPOHMZ DPV�
QMFE BU B TDBMF ΛD IBT

σ4*%.

m%.
∼ 1

CBSO
(F7

(
75 .F7

ΛD

)3

.

'VSUIFSNPSF MBSHF TFMG�JOUFSBDUJPOT BSF BMTP QPTTJ�
CMF JG EBSL NBUUFS JT DPVQMFE XFBLMZ UP B MPX�NBTT

NFEJBUPS 	XJUI DPVQMJOH αD


σ4*%.

m%.
∼ 1

CBSO
(F7

(
αD

α&.

)2 ( m%.

10 (F7

)(
40 .F7
mNFEJBUPS

)4

,

XIFSF α&. JT UIF FMFDUSPNBHOFUJD åOF�TUSVDUVSF DPO�
TUBOU� *U JT XPSUI OPUJOH UIBU TVDI B MBSHF DSPTT TFD�
UJPO JT OPU SVMFE PVU CZ EBUB�JO GBDU TPNF PCTFS�
WBUJPOT 	TVDI BT UIF EJWFSTJUZ PG SPUBUJPO DVSWFT PG
TQJSBM HBMBYJFT
 NJHIU CF CFUUFS FYQMBJOFE XJUI TFMG�
JOUFSBDUJOH EBSL NBUUFS�

%JTTJQBUJWF %BSL .BUUFS� *G UIF EBSL TFDUPS DPO�
UBJOT OFX MPX�NBTT NFEJBUPST UIFTF DBO CF QSP�
EVDFE XIFO EBSL NBUUFS QBSUJDMFT DPMMJEF BMMPXJOH
GPS UIF SBQJE EJTTJQBUJPO PG FOFSHZ JO BOBMPHZ UP PS�
EJOBSZ NBUUFS CFJOH BCMF UP SBEJBUF FOFSHZ UISPVHI
UIF FNJTTJPO PG QIPUPOT� &WFO JG POMZ B TNBMM DPNQP�
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