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Rees & Ostriker 1977; Silk 1977; Binney 1977; White and 
Rees 1978:

? @5%#(,A511%#5,B#%C.-)%#5&#&C*#9('(51#'5B(2%#&.#&C*#9('(51#&*3D*'5&2'*
? E1.F1G#-..1%#5,B#(,A511%#&.#A.'3#&C*#B*,%*#-*,&'51#-.3D.,*,&#.A#

&C*#H515IG

Dekel and Birnboim 2003; Kerěs et al 2005; van de Voort 
2011; more...:

• J.&#511#H5%#(%#%C.-)KC*5&*B/#5,B#&C*#A'5-&(.,#.A#%C.-)KC*5&*B#H5%#
B*D*,B%#.,#&C*#C51.#35%%

• 0.1B#3.B*#5--'*&(.,#B.3(,5&*%#5&#1.F#'*B%C(A&%#(,#C51.%#F(&C#
35%%*%#4*1.F#LM#I#<=!! N "#$
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? @./#*%&A'B,$2,),A%*")'6"0"2.+.0$
- clustering + halo occupation can constrain cosmologies

? @%$+0%4#+%,&',('@"01'C"++.0
KPredict the  amount of substructure given mass and concentration of 
halos

? 6-3$%*$',('!")"D3'E,02"+%,&
- Which properties of dark matter halos influence the baryonic galaxy?
- What is the effect of baryonic processes like feedback on galaxies?

Wechsler & Tinker 2018
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TNG300 DM

TNG300 stars
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? C ,- F'*#00.&+'-"),'2"$$'(Vale & Ostriker)

? C =&/9F'5."1'-"),'2"$$
? G4/6 F'*#00.&+'2"D%2#2'0,+"+%,&")'G.),*%+3'(Kravtsov)

? G=&/9F'5."1'2"D%2#2'0,+"+%,&")'G.),*%+3

!"#$%&'()'*+,)'&-..)/)01'2"#-2)3'4+3)&'#0'(")1")/'1")'
5+%+67'-3'+'2)01/+%'#/'3+1)%%-1)8

-v!"" (Conroy+ 2006)
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2 - point correlation function shows more discriminatory 
power at small scales, and may depend on the mass range 

considered 
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! -1@)'5#4&2.#>1%&#AB=8)'5&07C!C"
! D&?(1')/'#2&0*E58/@)(+#
! -/5'&(1.+%81%+'/4)>/0#2)430/()1'2
! FDG!CCH#4:/8+1' IJK#6#!CL#-23' M.
! FDG!CCH#4,- LJ!#6#!CN#-23' M.

7%(8&.)09#*2:#8&40+;%9.&4.

! O8)418%)/0#/'%#4&(/0E0)'&#8/%)/()@&#
>110)'5#)'> 2&0*E2.)&0%)'5#

! )1')P)'5Q#8&%2.)*(E%&=&'%&'(Q#2=/()/00+#
3')*184#:/>95813'%#8/%)/()1'#*)&0%

! >.&4)>/0#&'8)>.4&'(#*814#2(&00/8#=1=2#
A5/2#8&>+>0)'5"Q#ABD#$/M$$Q#RGS#2(/82Q#/'%#
DBEDB#4&85&82"J

! $%&/0#-T,#4/5'&()>#*)&0%2H#24/00#
=8)418%)/0#2&&%#*)&0%

0.%3.1.H(-51#D5'53*&*'%

U#V! W#!#EV" W#CJ;CXIQ#V#W#CJCKXNQ
.#W#CJNYYKQ#Z$ W#CJX!LIQ#'#W#CJINNY
AO0/'>9#7C!L"

U#FDG!CC#:16#2)P&#W#YL#>-=>M.

E&5'#A.'35&(.,/#O15-)#P.1*%/#
5,B#A**B45-)

! B(1>./2()>#B[#)'#%&'2&#$B-#5/2#/:1@&#
%&'2)(+#(.8&2.10%

! \@103()1'#1*#2(&00/8#=1=30/()1'2
! B(&00/8#*&&%:/>9H#13(*01?2#*814#&'&85+E

%8)@&'#9)'&()>#?)'%#2>.&4&
! B&&%)'5#/'%#581?(.#1*#23=&84/22)@&#

:0/>9#.10&2
! ST#*&&%:/>9H#7#41%&2H##.)5.E/>>8&()1'#

/'%#01?E/>>8&()1'#8/(&2

B$+@C$*D$*6%-.<E0%F+##$?+;G6-.<20%H?*+@D$#6%-.<20%I"+8"@6%-.<20%I$#(5@6%-.<2J%K"*+@";;+6%-.<2%
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E*1*-&*B#H515IG#QC51.#D5('%#&C5&#F*'*#F*11K'*%.19*B
(,#4.&C#RJ@<==#5,B#RJ@<==KS5')#

? T*U2('*B#N%VW#<=& N "#$Xh (,#RJ@<==
? T*U2('*B#N'( VW#<=!! N "#$Xh (,#RJ@<==KS5')

Halo Sample: 
total: 11927 
centrals: 9590
satellites: 2337
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Mpeak shows less scatter than M DM , 
largely due to a reduction in the scatter for satellite galaxies

~The dependence on mass at high masses is the same~
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vmax shows even less scatter than M peak , 
most clearly in the lower mass galaxies
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Òmonolithic collapseÓ 
(Eggen+ 1962)
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Lehmann+ (2017) used a 
similar “composite” 
feature for abundance 
matching: 
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• formation time

• halo concentration

• local environmental density
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Matthee+ 2017

<*0'9#,+08*)&+2#)&8(#
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The halo is more 
massive at early 

times, when there is 
more gas to accrete 

and form stars
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S(%&5,-*#A'.3#&C*#N%KN )**+,'(, '*15&(.,#5%#5#A2,-&(.,#.A#-.,-*,&'5&(.,

P(HC*'#-.,-*,&'5&(.,#è C(HC*'#N%
E&**D*'#%1.D*#5&#1.F*'#35%%

M* - M200, DM 

relation
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vmax - concentration 
relation

Different rotation curves 
from varying concentration

L"#(5%3#>?+@6%-.<<M



P6/'5-6306.

Martizzi+ 2020

H%A-'),*")'/.&$%+3
! -%A-.0'C]

Assembly Bias 
(Gao et al. 2005)
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Early formation 
times, when the 
density of the 
universe is 
higher, results in 
higher 
concentration 
halos
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Underdensity: 31 × 31 × 35 h−3 Mpc3
-1.0σ fluctuation

Overdensity: 21 × 24 × 20 h−3 Mpc3
+1.8σ fluctuation

t50
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Mass proxies

halo size

concentration

formation time

environment

ranking
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Pedregosa+ 2011
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Best Score uses 10 features.....
7% improvement from 3 features...
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perhaps there are several similarly relevant predictors...



M*/Mhalo is larger 
in the large-scale 
overdensity
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'&14#&1(03('$*5)*6(7)%+(8$%&

! 9&(:4'%+&'('&14#&(;#$%%&'(03('$*5)*6(7)%+($(<$'$2&%&'(%+$%(
1&<&*1;(/*(8$%&$%(./7(2$;;($*1(, '(%) $%(+)6+(2$;;(=/4'(>?

! "&#/*1$'3(<$'$2&%&';(0$;&1(/*(:/'2$%)/*(%)2&($*1(./#$.(
1&*;)%3(6$8&(%+&(2/;%()2<'/8&2&*%(/*(;%$*1$'1('$*5)*6

! @/''&#%)*6(4;)*6(;&#/*1$'3(<$'$2&%&';A &8&*($(./%(/:(
%+&2A 1/&;(*/%(;40;%$*%)$..3('&14#&(;#$%%&'

• Consider vpeak (or vrelax )

• Consider local environment at halo formation time

• Test the impact of feedback




