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Early Dark Energy and Lyα Forest
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Current Lyα forest data disfavor EDE as a resolution to 
Hubble tension

Galaxy-Halo Connection

New physics from CMBxLSS
What I won’t talk about…

• Comparing simulations with 
analytic models for LSS

• Galaxy bias models: SG, 
Pandey, Slosar, Blazek, and 
Jain, 2111.00501 

• Splashback radius: 2111.06499 
and 2105.05914 

Preliminary
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Introduction
• Upcoming large-scale structure (LSS)  

surveys will measure many modes


• Stress test CDM


• Provide insight into initial conditions 


• Theoretical challenge: non-linearities 

• Impose scale cuts


• Particularly challenging for non-Gaussian/
higher-order statistics
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Non-linearities in LSS

Goal: Constrain cosmology from δ(x) = ρ(x) − ρ̄
ρ̄



Non-linearities in LSS

• Compress field into its correlation functions

ξn(x1, …xn) ≡ ⟨δ(x1)…δ(xn)⟩c

δ(x1)

δ(x2)

δ(x3)
r12

r23

r31



Non-linearities in LSS

• Compress field into its correlation functions

• Power spectrum is lossless if field is Gaussian
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Non-linearities in LSS

• Compress field into its correlation functions

• Power spectrum is lossless if field is Gaussian

• Need to model correlation functions with theory
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Non-linearities in LSS

• Compress field into its correlation functions

• Power spectrum is lossless if field is Gaussian

• Need to model correlation functions with theory
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! Equations of motion for ! m, vm, !

! Possess the following symmetry: "

1. Shift in gravitational potential: "

2. Time-dependent  translation: 

! " ! + "(#)

x " x + n(#)

! # ! $ (%n& + n& & ) ' x, v # v + n& 

( !

( $
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( v
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) 2! =
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2
* m%2!

(conservation of mass)

(conservation of momentum)

(Poisson equation)

Consistency  relations  for  LSS

Kehagias  & Riotto   2012;  
Peloso  & Pietroni,   2013

 has no  poleslim
q# 0 [

B(q, k, k& )

P(q) ]
(1/q)%+

* Assumes Gaussian ICÕs/Equivalence Principle 

Equal-Time  LSS Bispectrum   Consistency  Relation

Example of what CR violation looks like
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Optimal  weighting  can help!

Ñ Single bin (&fNL
= 62)

Ñ Two bins (&fNL
= 47)

! 100 0 100

f NL ! øf NL

Preliminary

0.005< q < 0.065h/Mpc

0.25< k < 0.5 h/Mpc
QUIJOTE(1 Gpc/h)3

Ñ Four bins (&fNL
= 41)

Shaded  region:  Fisher error for B+P up to 
 from Quijote PNG analysis 

(Coulton,  2022) for di#erent marginalizations
kmax = 0.5 h/Mpc

Instead of summing all k-bins, split into sub 
bins

Error from Þtting  squeezed bispectrum is close 
to Fisher error from full bispectrum!



!"#$%&$'($)&**&+$
%,*-$*-&$.(//"01&'$
*+,10&.*+234

k1

k2

k12

k3

k4

!"##$%&"'$()*)+$,-./01#2#*+$31)40$$56789767:7;



!"#$%&$'($)&**&+$
%,*-$*-&$.(//"01&'$
*+,10&.*+234 k12

k12

k3

k1

k12

! !! !!
k2

k4

!"##$%&"'$()*)+$,-./01#2#*+$31)40$$56789767:7;



!"#$%&'%()*(*#+,%,
! !"##$%&'()*+,&%'-*+./),&)%+"(.-*)"0)

,-"../.0)'%,1.2$3*)

! 1')2'*)*3,&)0"+)0+''4)5$0*'+)-"(,62)$)
*+,&%'-*+./)'&*,/$*"+778"
! 9",6*)$6$#:&,&);<=

! 100 0 100 200

f NL

10.2

10.4

10.6

10.8

11.0

lo
g 1

0
T

0

1400

1600

1800

2000

2200

a 0
1500 2000

a0

10.2 10.6 11.0

log10 T0

Trispectrum ( ! f NL =71)

Bispectrum ( ! f NL =57)

Bispectrum+Trispectrum ( ! f NL =54)

! 100 0 100 200

f NL

10.2

10.4

10.6

10.8

11.0
lo

g 1
0

T
0

1400

1600

1800

2000

2200

a 0

1500 2000

a0

10.2 10.6 11.0

log10 T0

Trispectrum ( ! f NL =71)

Bispectrum ( ! f NL =57)

Bispectrum+Trispectrum ( ! f NL =54)

!"#$%&%'(")

lim
k12! kNL...

T(k1, k2, k3, k4) =
B(k12, k1)B(k12, k3)

PL(k12)
+ T0 .

0.005 <q < 0.05 h/Mpc

0.5 < k < 1.0 h/Mpc



80 100 120 140

f NL

10.24

10.25

10.26

10.27

lo
g 1

0
T

0

1740

1760

1780

a 0

10000

20000

30000

! N
L

! NL
= (6

/ 5
f NL

)2

10000 20000 30000

! NL

1740 1760 1780

a0

10.24 10.26

log10 T0

Bispectrum+Trispectrum

0.005 <q < 0.05 h/Mpc

0.5 < k < 1.0 h/Mpc

!"#$%&%'(")

!"# $%&''()(*(+("' $#(+, $+-('%".+-/0 $

! !"#$%#&"'()*#&+,%-)%*./%01%2)31/4%"

! 1230%*" 5% "

! 6177.(')4%8%/1#%.''1*".#)4%-"#$%
'9+)):)4%;%<)=*)''%4>1>?>%4+&"/0%"/@.#"1/A"

! 6./%B#%?1&% %./4% %+'"/0%C1"/#%
7"D)7"$114%"/%2"'()*#&+,%./4%#&"'()*#&+,%
,).'+&)4%?&1,%E+"C1#)%"

! 8$)')%&)'+7#'%.&)%.%%-&&4$&4$.&5."%+"

! F))4%#1%",(7),)/#%1(#",.7%-)"0$#"/0%./4%
,1&)%*1/B0+&.#"1/' "

! G$1+74%7).&/%.%71#%?&1,%2"'()*#&+,

fNL

!NL

fNL !NL

!NL !
(

6

5
fNL)

)

2

!"#$%&'(#%$)"#)* +) ,)-&".)$/011213)4($516%&0.)'#3)6"77'5$13)

%&($516%&0.)0$(#8)!"#$%&')$(.07'%("#$)9(%:) ;

fNL !NL
fNL = 100

!"#$%&'()*)#$+,%-".)/

0,"1+%&'()*)#$+,%-".)/

!"#$%&%'(%&%)#*+,-



!"#$%&%'($')*+,#$%'-.&$&$/+ +0&'1+'1(+
%23((4&$/+)($%&$/+5&%6(,'-37+3%&$/+
,#$%&%'($,*+-().'&#$%8

fNL

!"#$%#!&'&((
)*+( !"#$%&'()*#$$()+,-&,#.&()*/#(



!"#$%&'(#(#) *+,- *.(%/ *%/0*$1200304*50#$(#)*6($708%&'

! !"#$%&'()*+,*&%-*&9'%%0&*6($708%&29&./+*0%123&(4%&0"#&'()*+,*&/#%*5+"1)&
'6&/%&7/%-&1*#)/#58"

! -0#$(#)*8"#:0&)0#80;
!<=*

! (i)( !n) =
!

"s

0

d" W(i)(" ) #m(" !n, ") , !!"#$# !
W! CMB(") =

3H2
0 " m"

2a(") (
"* # "

"* ) ,

W! g,(i)(" ) =
3H2

0 " m"

2a(")

$
!
"

d"%! p(i)
s ("%!)

(
"%!# "

"%! )
.

!"$9(8*$/0'&>)'5'?@*$2&:0@$

!+*./%9&!"#$%&&!'11"('+"%/'#

! $ &
!

W(") #m($/" , " ) d" '

b$1$2$3
(

!
d"

W3(")

" 4

C$ (
!

d"
W(")

" 2

Bm($1/" , $2/" , $3/" , " )

Pm($/" , " )

whereBm(q, k, k%!, " ) =
6fNL" m,0H

2
0

Dmd(")

)P(k, ")

) log%2
8

P(q, ")

q2T(q)
+ øa0(k, ")P(q, ")



0 1 2 3 4
z

0.0

0.2

0.4

0.6

0.8

dn
/d

z

CMB Lensing E ! ciency

LSST/Euclid ( N tomo = 1)

LSST/Euclid ( N tomo = 3)

1 10 100 1000 5000
!

10! 8

10! 6

10! 4

10! 2

!(
!

+
1)

C
!! "

/2
"

CMB-S4
Simons Observatory

LSST/Euclid

Linear Theory
Noise

!"#$%&'( )*$(+,

! !"#$%#&'$()*"+$"

! -./)0$1'213 ,'-%./#$'01$")*23/)+'2#4'5678-9 "

! -"'42%)*5$&#6 '!--:;<(=>%48>%?"'$()*"+"

! !"#$%&$'(%)*+,! "! "! "!#$%&! !

! !2'5$#)4&(#27,' '%$'/#>+'@)""'A2)2."3")'B/A3%.%$3%=C

øng = 31 arcmin! 2 ! " = 0.26 ! z = 0.05(1 + z) Ntomo

fNL

0 1 2 3 4
z

0.0

0.2

0.4

0.6

0.8

dn
/d

z

CMB Lensing E ! ciency

LSST/Euclid ( N tomo = 1)

LSST/Euclid ( N tomo = 3)

1 10 100 1000 5000
!

10! 8

10! 6

10! 4

10! 2

!(
!

+
1)

C
!! "

/2
"

CMB-S4
Simons Observatory

LSST/Euclid

Linear Theory
Noise

" = !
ijk
abc

!
#1#2#3

#b(ijk)
#1#2#3

#fNL
Cov! 1

[ b(ijk)
#1#2#3

, b(abc)
#1#2#3]

#b(abc)
#1#2#3

#fNL
,

!""#$%&'(#"")(*&+,-(.)(*+%&
/)01&.%+,*"0.#+0),*2"1(3%&*,)"%4#$&,-%.&0,$,5.(31)+&

6)*"&(*7&$#80)3,8%"



400 1000 2000

10

100

400
! f

N
L

! min = 2

Simons Observatory
CMB-S4
Cosmic Variance

400 1000 2000

! min = 10

400 1000 2000

! min = 20

400 1000 5000

"max

2

10

100

200

! f
N

L

! min = 2

LSST/Euclid ( N tomo = 1)

LSST/Euclid ( N tomo = 2)

LSST/Euclid ( N tomo = 3)

400 1000 5000

"max

! min = 10

400 1000 5000

"max

! min = 20



400 1000 2000

! max

10

100

200

" f
N

L

! min = 2

LSST/Euclid ( N tomo = 3)

+ Simons Observatory
+ CMB-S4
Cosmic Variance

400 1000 2000

! max

! min = 10

400 1000 2000

! max

! min = 20

!"#$ %$&#'()*+, %-#.$/.0 %&#-12



400 1000 2000

! max

10

100

200

" f
N

L

! min = 2

LSST/Euclid ( N tomo = 3)

+ Simons Observatory
+ CMB-S4
Cosmic Variance

400 1000 2000

! max

! min = 10

400 1000 2000

! max

! min = 20

!"#$ %$&#'()*+, %-#.$/.0 %&#-12

!"#$%&'()*+*,)*-&.,,/+()*'",&+.0&%$.-1& &2%'+&3$",*"4&5*,($-)%.6&

7'+(3$)$30&*"#$($"#$")&'2&4.3.80&9$3#:

! fNL
! 10



!"#$%&'("#'
! !"#$%$&'#()*+',-&%"#$*(-#*.'*/$'0*&"*("#$&+-%#*123*4%&5*677*/$%#8*%#9"*9+":*#"#;,%#'-+*+'8%:'"

! <-#)*="$$%.%,%&%'$*>-#0*(5-,,'#8'$?*%#*&5'*9/&/+'"

! @=&%:%A'*4'%85&%#8*9"+*5-+0*:"0'$*%#*.%$='(&+/:*-#0*&+%$='(&+/:*"

! B#0'+$&-#0*%#9"+:-&%"#*("#&'#&"

! !"#$&+-%#*:"+'*8'#'+-,*:"0',$*&5-&*("#$&+-%#*("#$%$&'#()*+',-&%"#$"

! !"#$ *C/-$%;$%#8,'*D',0*%#E-&%"#F("$:","8%(-,*(",,%0'+G*9+-(&%"#-,*=",'$F"$(%,,-&"+)*9'-&/+'$"

! H'$&*'I/%J-,'#('*=+%#(%=,'F:"0%D'0*8+-J%&)"

! %&'()*+,-./(01-2+'1+3.4.&5(678.416+

! K%-$L*M7NL*$5"&*#"%$'"

! 1"&'#&%-,*/$'"

! </,&%;&+-('+L*$)$&':-&%($



!"#$%&'()*



+#,%)-



!"#$%&"'"()$

! !"#$% &'($)*%+,- !"##$!%&!'#!()*#+,-!./%0!'/""/"1!# " #(%2#

! ./'($)*%+,-&

! 34#*)1#!&4#*!)--!)"1-#2!)"$!0)*$!5&5#"%) #

! 01**$%&%$'("2'$-

!Min "
{

! qn! q! #q/T(q)" i , /+n < 0

! qn! q! #q" i , &%0#*./2#
,

!Bi " ! Re! q! k! #q#k" i , $./%0$k $ [kmin, kmax]

!B = #
n=#2,0,2

øan
!M"

øF " ! ! k! #k %logP(k)/%log#2
8" $./%0$k $ [kmin, kmax]

!"#$ %&'(# ) *



0.05 0.15 0.25 0.35 0.45 0.55

kmin (h/ Mpc)

! 50

! 25

0

25

50

f N
L

!
f

tr
ue

N
L

z = 0

0.05 0.15 0.25 0.35 0.45 0.55

kmin (h/ Mpc)

! 50

! 25

0

25

50

f N
L

!
f

tr
ue

N
L

z = 0.97

f true
NL = 0

f true
NL = 100

0.03 0.04 0.05 0.06 0.07

qmax (h/ Mpc)

! 20

! 10

0

10

20

f N
L

!
f

tr
ue

N
L

z = 0

0.03 0.04 0.05 0.06 0.07

qmax (h/ Mpc)

! 20

! 10

0

10

20

f N
L

!
f

tr
ue

N
L

z = 0.97

*+, -$.%""/"0 -1$-$.%""/"02



0.02 0.03 0.04 0.05 0.06 0.07

qmax (h/ Mpc)

! 40

! 20

0

20

40

f N
L

!
f

tr
ue

N
L

f true
NL =0

f true
NL =100



0

10

20

30

! f
N

L

z = 0; qmin = 0.002h/ Mpc

0

10

20

30

! f
N

L

z = 0.97; qmin = 0.002h/ Mpc

Measurement
Forecast (Nk = 1)

Forecast (Nk = 10)

0.2 0.3 0.4 0.5

kmax (h/ Mpc)

0

10

20

30

40

! f
N

L

z = 0; qmin = 0.007h/ Mpc

0.2 0.3 0.4 0.5

kmax (h/ Mpc)

0

10

20

30

40

! f
N

L

z = 0.97; qmin = 0.007h/ Mpc

34"&" -1$-)4" -1(5+&'#)1+(2



61$7"8)&%' -9$)1'#)+&

6,77&2#!.#!.)"%!%&!#2%/5)%#! !/"!'/"2 !B(k1, k2, k3) ki

8#9"#! !Wki
(pi) "

{
1, pi $ ki

0, $&%0#*./2#

& B(k1, k2, k3) '
!

d3x
3

$
j=1

( !
pi

! (pi)Wki
(pi)e

# ipi(x

)

B(k1, k2, k3) '
!

p1
!

p2
!

p3

! (p1)Wk1
(p1) ! (p2)Wk2

(p2) ! (p3)Wk3
(p3) (2$)3! D(p123)

=
!

d3xe# ip123(x

:2# -#;7&"#"%/)-!*#7*#2#"%)%/&"!&+!
!%&!.*/%#!/"!2#7)*)'-#!+&*5! D

) !B(k1, k2, k3) =

N3
grid

*
i=1

! k1
(xi)! k2

(xi)! k3
(xi)

N3
grid

*
i=1

Ik1
(xi)Ik2

(xi)Ik3
(xi)



61$7"8)&%' -9$)1'#)+&-
:#;10#)1+(

<1=%&"->?-<)-/$)%/&"!&"!=),22/)"!5&(>2

<1=%&"-@?-<)-/$)%/&"!&"!5&(>2!./%0!f loc.
NL

<1=%&"-A?-<)-/$)%/&"!&"!5#)2,*#5#"%2!+*&5!?,/@&%#



B&1$7"8)&%'-9$)1'#)+&

! A*/27#(%*,5!#2%/5)%&*!/"!%#*52!&+!#;%#*")-!-#12! !)"$!$/)1&")-2! !/2!(+) -
$"7#&#C;"-

! :2#!#2%/5)%&*!/"%#1*)%#$!&4#*!!B2##!377#"$/;!3!&+!>@DEFAAGH>C#

! D)"!'#!# %(/#"%-E!#4)-,)%#$!'E!(&57,%/"1!FFAG2!&+!7*&$,(%!9#-$2

ka, É, kd kab, kbc

q23

./1'$3 &$'*/,1*"% &4$)1+'$ &/*&/2)5+3$' &3/')"22$)*$3 &*$%,'666

+ + ++

https://arxiv.org/abs/2306.11782


B&1$7"8)&%'-9$)1'#)+& -I8+()1(%"0J
! H,2%!"##$!)"!#2%/5)%&*!+&*!$/2(&""#(%#$!%#*52!)"$!()"!2,'%*)(%!%0#5#

! 6/57-#!#2%/5)%&*I!#

! J&*#!&7%/5)-!#2%/5)%&*I! #

! D)"!'#!# %(/#"%-E!/57-#5#"%#$!,2/"1!FFAG2

! 4 # 6! 2+! 2, 2 + 3+! 2, 2

! 4 # 3+! 2, 2

B6##!377#"$/;!FK!&+!K4"(L -K84##(L-<"&&#&+L->M-C

N"7"(0$ -+( -O0%81#;-PIQJ N"7"(0$ -+( -&"#;1/#)1+(-+5-!

712 &)",(+*$ &4"*8 &*9($' &": &3/')"22$)*$3 &*$%,' &123&'+4*%1)*&1))"%3/2;596



B&1$7"8)&%'-9$)1'#)+& -:#;10#)1+(



K%7"&-$#'7;" -8+R#&1#(8"-IKKSJ
! 66D!+&*!&'2#*4)'-#!()"!'#!(&57,%#$!+*&5!$#*/4)%/4#!.K*K%!8D!5&$#

! D)"!#2%/5)%#!+*&5!2#7)*)%#!,"/4#*2#!B6:CK!F&*!'/27#(%*,5!-&&>2!-/>#!

! L)/"+,-!%&!(&57,%#!+&*!)"1-#M)4#*)1#$!'/27#(%*,5!/"!./$#!'/"2K!N"2%#)$!*#.*/%#!/"!%#*52!&+!7&.#*!27#(%*,5!66D!

<=''+,/2; &'>+$$?$3 &*%/12;5$'@&

! D0#(>#$!%0)%!%0/2!#O,)%/&"!)1*##2!./%0!6:!./%0/"!PQRS!+&*!2O,##T#$!'/27#(%*,5!+*&5!?,/@&%#!/"!%0/"!'/"



KKS-I8+()1(%"0J



KKS-I8+()1(%"0J

T"5)?-<)-/$)%/"1!LB>C!66D!,2/"1!?,/@&%#K#

U1=4)?-/"(-,$/"1!66D!/"!?,/@&%#!$#1*)$#2!(&"2%*)/"%2!&"!)RU!',%!0)2!"#1-/1/'-#!/57)(%!&"!
+VW



#&V1RF+&=W705W>@DXFD@DGD



!%$5/,/21%9



400 1000 2000

! max

30

100

500

" f
N

L

! min = 10

Fixed a0

Free a0

!#&=1(#;1/#)1+( -+5-=&#R1)#)1+(#;-(+(YZ#%$$1#(1)[-

! J)*1/")-/T)%/&"!&4#*!1*)4/%)%/&")-!
V=!/"(*#)2#2!+&*#()2%#$!#**&*!&"!
+VW!'E!PXRS



400 1000 2000
! max

0.9

1.0

1.1

1.2

1.3

1.4

1.5

"
S

he
ar

f N
L

/"
C

M
B

Le
ns

in
g

f N
L

Halofit

d log(P (k)) /d log(! 2
8 )=1

Linear

0.01 0.1 1 10
k (1/ Mpc)

1

2

3

d
lo

g(
P

(k
))

/d
lo

g(
"

2 8
)

z
=

9
z

=
2

z
=

0
.1kmax (z)

0

3

6

9

R
ed

sh
ift

z



0.01 0.02 0.03 0.04 0.05 0.06

q [h/ Mpc]

0.2

0.4

0.6

0.8

1.0

1.2

ö B
(q

)
[(

M
p

c/
h

)6 ]

! 108

One k bin

0.25 < k < 0.50 h/ Mpc

0.01 0.02 0.03 0.04 0.05 0.06

q [h/ Mpc]

0.2

0.4

0.6

0.8

1.0

1.2

ö B
(q

)
[(

M
p

c/
h

)6 ]

! 108

Two k bins

0.25 < k < 0.38 h/ Mpc

0.38 < k < 0.50 h/ Mpc

0.01 0.02 0.03 0.04 0.05 0.06

q [h/ Mpc]

0.2

0.4

0.6

0.8

1.0

1.2

ö B
(q

)
[(

M
p

c/
h

)6 ]

! 108

Four k bins

0.25 < k < 0.31 h/ Mpc

0.31 < k < 0.38 h/ Mpc

0.38 < k < 0.44 h/ Mpc

0.44 < k < 0.50 h/ Mpc

Optimizing  the estimator

Instead of summing over all non-linear modes, we can split into k-bins. 
¥ Example: squeezed bispectrum measurements from 100 realizations of Qu ! ote 
with  with fNL = 100 0.25< k < 0.5 h/Mpc
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(see also Giri, MŸnchmeyer, Smith  2305.03070)


