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Halo shot noise

® Perturbative bias expansion:

6n(X) = b16(x) + by25V2(x) + € (x)
+ %b252(x) + b (Kfj)(x) + €5(x)0(x) + ...

(€90) = (€50) =0

[Desjacques+ 16 & many references therein]

® Qur definition of the halo shot noise field:

€(x) = 0p(x) — b16(x)
= €0(X) + by2sV2(x) + ...

[Following Hamaus+ 0]
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Shot noise power spectrum

® Split halo population into different mass bins:

€; (X) — 52 (X) — bzé(X)
— GO/I:(X) + ... + 652'(X)5(X) + ...

® Compute the halo noise power spectrum or covariance
Peie (k) = Pegieo; (k) + ...

® For a Poisson sampling:

P..(k—0)=P

1€5

[Hamaus+ 0]
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Halo bins with equal number density:
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Halo model

M

e Matter: ﬁ—u(k|M)
1

® Halos: g@(MaMi)

® Galaxies: NgéM)ug(MM)
g

[Seljak 00; Peacock & Smith 00; Scoccimarro+ 0l; Cooray & Sheth 02]
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Halo model

From the definition of the halo noise field:

Peye; (k) = (0:0;)(k) — bi(9;0) (k)
b (5:0) (k) + bib; (36) (k)
i::f%j(k)-—lnfag(kﬂ —-bjf%5(k)—%lhbjf%5(k).

the halo model predicts:

PO} = PL(0) = b:Pj5 (0) — by P (0) + bib; Pss' (0)

€0i€0;
1 M M; M?
= —6;5 —bi—> — bj— + b;b; (n_2 !

[Hamaus+ [0]
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Halo model

From the definition of the halo noise field:

Pe,e; (k) = (6:6;) (k) — b;{0;0) (k)
b (5:0) (k) + bib; (36) (k)
= Pij (k) — bin(;(k) — bij(k) -+ bibjp&g(k) :

the halo model predicts:

P = PL(0) — b; P (0) — b Pjs (0) + b;b; PA(0)
nM 2)
— —5K — b@ b + b;b; \pa/
average mass integrated over
in bin all mass range

[Hamaus+ [0]
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Halo model

From the definition of the halo noise field:

Peye; (k) = (0:0;)(k) — bi(9;0) (k)
b (5:0) (k) + bib; (36) (k)
i::f%j(k)-—lnfag(kﬂ —-bjf%5(k)—%lhbjf%5(k).

the halo model predicts:

PO} = P(0) — b:Pj5 (0) — by P (0) + bib; Pss' (0)

€0i€0;
1 M M; M?
= —6;5 —bi—> — bj— + b;b; (n_2 !

[Hamaus+ [0]
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Halo model

From the definition of the halo noise field:

Peye; (k) = (0:0;)(k) — bi(9;0) (k)
b (5:0) (k) + bib; (36) (k)
i::f%j(k)-—Eﬁf?5(kﬁ'—-bjf%5(k)—%lhbjf%5(k).

the halo model predicts:

P, = Pi1(0) = biPj5 (0) — by Py (0) + bib;Pss' (0)

€04 €0;
1 M. M, M?
= _—55 — b= — bj— + b;b; <n_2 >

[Hamaus+ [0]
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Halo exclusion

® Halo fluctuation field: 0i(x) = —— —1

1
® Z-Point correlation: <5i(X1)5j (X2)> n—5K + &ij (r12)

1
® Power spectrum: Pij(k —0) = (n 0;5 + W) + b;bj Pin (k) + ...

=i = /d3fr§w( )

[Baldauf+ |3]
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Halo exclusion

Use, e.g., BBKS peaks to get a prediction for &ji(r) at all r

4 Diagonal elements of P, .. (k)

1.5

10 Lo [Baldauf+ 13]
k [h Mpc ']
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Halo exclusion

Use, e.g., BBKS peaks to get a prediction for &ji(r) at all r

, , 4 Diagonal elements of P, .. (k)
Super-Poissonian 35 . R .

\ ”Poisson limit”
3 _

Sub-Poissonian 3 —

10 L0 [Baldauf+ |3]
k [h Mpc ']
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Question

Can we retain the simplicity of the halo model and, at the same
time, get meaningful predictions for the halo shot noise ?
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Another look at the halo model

® On inspecting |-halo, 2-halo etc. terms, you notice that

O (x) = (1 + E5m (%)) 0(x) + Eom(x) + ...,

reproduces the original halo model predictions
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Another look at the halo model

® from I-halo power spectra:

\ €04 €05 — n; ? €0i €0m D, ’
— 2
{0} <TLM>
EOmMEOM 52
™m
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Another look at the halo model

® from I-halo power spectra:

N\

® From [-halo bispectra:

V

EOmMEOM

1
= =6

€0i €04 €0k

M?

€0i€E0OMEOM

ptoy  _ M

€0:€0mMm ﬁm
_ (AM?)

Pon
o _ M g
€0i€0j€0m i Prm 1]

B{O} . (nM3>
gOm,gOfm€0fm, o ﬁ%}
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Another look at the halo model

® From I-halo power spectra:

K
0 _%  ploy _ M
\ €041 €0 n; ? €0i €0m ﬁm ?
P:[O}~ _ <ﬁM2>
€E0mE0Om -2
Pm
O - ' . T
From |-halo bispectra. s _ Ll oy Mg
€0 €05 €0k ﬁ? gk €0i €05 E0Om 'ﬁzﬁm (]
V ploy M7 ploy  _ (nM3)
€0i€0m €0m 15?2?1 ? €0m €0m €0m ﬁ%@
® From 2-halo bispectra:
5 -
{0} (nM*by) {0} oy _ ., M
P€5m€0m o 2 52 ) chSigOm + PéOigém = bi— )
Pm, Pm
. ] {0} oy _ bi ok
€5i€0; T Pgmgéj T ﬁ_zéw
etc.
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Another look at the halo model

® from I-halo power spectra: P 5K
Pyl =2
\ €0i €035 /ﬁ”L
{0} _
€E0OmE€oOm
® from [-halo bispectra: sy _ 1.
€0:€05 €0k ﬁ? 17k
V B{O} — M’L2
gO?LgO'm,gO?n o T !
Pm
® From 2-halo bispectra:
M?b M;
Pé:{S(E€Om — <n2152 1> ’ Pé{(s(z]e:()m ™ Pg{o(j}elém - bzﬁ_m ’
— 3 {0} oy _ bk
P€5i€0j T PgOz'géj - 7—1—2529
etc.
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Possible solution

® On inspecting |-halo, 2-halo etc. terms, you notice that

O (x) = (1 + E5m (%)) 0(x) + Eom(x) + ...,

reproduces the original halo model predictions
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Possible solution

® On inspecting |-halo, 2-halo etc. terms, you notice that

O (x) = (1 + E5m (%)) 0(x) + Eom(x) + ...,
reproduces the original halo model predictions

® “Halo model” perturbative expansions reorganized such that:

(Si (X) == (bz -+ 557; (X) — bz'gém (X))(S(X)

-+ gofi(X) — big()m(X) + ...
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Possible solution

® On inspecting |-halo, 2-halo etc. terms, you notice that

O (x) = (1 + E5m (%)) 0(x) + Eom(x) + ...,
reproduces the original halo model predictions

® “Halo model” perturbative expansions reorganized such that:
= €4; (X)

(Si (X) = (bz -+ E&' (X) — bz'gém (X))5(X)
+ EOi(X) — bz'g()m(X) + ...

Om (X) = 6(x) = €0i(X)
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halo
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Power spectra

Halo power spectrum: P;j(k) ~ POL 4 bibj Pin(k) + ...
. . (0} Lk
Low-k white noise: Peoieo; = =05 +Eij
M; M, (nM?)
Exclusion: Ei':—bi_—J b, — —|—bb
CiusIo J Bm J Do Pm
and, consistently, Pis(k —0)=0
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Bispectra

1
Bhpn & B0+ b3 Bsss + {b% [52 + 202 (M%g - §) ]f’lin(k2)ﬂin(k3) + (2 CYC-)}
1
Bhnns &~ QPG{OOE](; Piin (k3) 4 by Bsss + {51 [bz + 202 (Mgs — §) ]

X Plin(kQ)Plin(kB) —+ (2%3)}
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Bispectra

€0
. {0} 3 2 o 1
Bppn = BEE o+ 01 Bsss + 01 |02 + 2bg2 | pa3 — 3 Piin(k2) Pin (k3) + (2 cyc.)
1
Bhns = 2P2% P, (k3) + b3 Bsss + {51 [bz + 2bk (u%s - g) ]
710

X Plin(kQ)Plin(kB) —+ (2%3)}
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Bispectra

1
Bhpn & B0+ b3 Bsss + {b% [52 + 202 (M%g - §) ]f’lin(k2)ﬂin(k3) + (2 CYC-)}
1
Bhns = 2P2% Py (k3) + b3 Bsss + {51 [bz + 2bk (u%s - g) ]
X Piin(k2)Pin(k3) + (QMg)}
1
® What we already know: Bepeoeo (B — 00) = —
n
; [Peebles 80]
1
P€0€5(k — OO) — %
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Bispectra

1

Bhpn & B0+ b3 Bsss + {b% [52 + 202 (M%g - §) ]Phn(kz)Plin(k‘:s) + (2 CYC~)}

1
Bhns = 2P2% Py (k3) + b3 Bsss + {bl [b2 + 20 (Mgs - g) ]

X Plin(kQ)Plin(kB) —+ (2%3)}

1
® What we already know: Begegeo (K — 00) = —
y n
; [Peebles 80]
1
P€0€5(k — OO) = %
® What we predict: (0% V7
nivi: VL
Be{(?ii()jé()k = _b‘i-bjbk- /;,31 P [bibj /3;2’; 7 (2 (7,\,"(3-)]
M; 0r's
— l), ) (51\ 2 cycC. S
[ | <n‘j/)m.> & +( " )] ! 7_'?
AR AR o W 0
poy 4 poy - Yigr g Mib bjﬂ + b;b; i o)
o5 T SR T g™ Prm Pm Pin
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Test with numerical simulations

® We use a series of 512 N-body simulations from the DEUS-FUR project
® Halos with mass > 10'* Mo/h resolved

® Compute cumulative bispectra:

& .
Beee(< kmax) — Ft Z e(kl)é(kg)G (kl + k2) — Beoeoeo
V2
Bee5(< kmax) — F Z e(kl)e(kQ)(S* (kl + k2) — 2P€Oe5plin
t

® Add one fudge factor X to the model = adjust exclusion volume
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Fourier vs. configuration space

® |n configuration space:
OB

<5i(X1)5j(X2)5k(x3)> = §ijk(riz,r13) + #5”(1‘12)&';\-.(1‘13) + (2 cyc.)
K
% 7_1‘,1; 50(1'12)50(1'13)
K
<5,-(x1)5j(x2)5(x3)> = &ijo(ri2,r13) + ,_:j 09(r12)&is(r13) -
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Fourier vs. configuration space

® |n configuration space:
: . : 0
<(5,~,(x1)()‘,-(x2)é;‘.(x3)> = §ijk(T12,T13) + %b”(rlg)f“\,(rlg) + (2 cyc.)

T,

® In Fourier space:
Bk ko k2) = [ d° d° . —ika-r12—iks-ris
zgk( 1, k2, 3)— 12 T13§zgk(r12,P13)€

5K | 5K,
b2 [ et s @ ove)| + 25

B";j(s(kla kQa k3) — /dS’rlQ /d3T13 gij5(r12, 1'13) 6—ik2-r12—7jk3-r13
5K

-+ # d>r &5(1') e_ikg"r
n;
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Fourier vs. configuration space

® |n configuration space:
()1\

<(> (x1)8; (x2)0% (x;)> €k (P12, 113) + | 228(r12)6n (113) + (2 cye)
o
% ;IJI; 07(r12)6"(r13)
(>1\
<51(X1)(5,;(X2)5(X3)> = &ijs(riz, r13) + ,:j §7(r12)&is(r13) -

® In Fourier space:
Bk ko k2) = [ d° d° . —1kar12—tk3 r13
zgk( 1, 2, 3)— 12 T13§zgk(1'12,1‘13)6

b2 [ et s @ ove)| + 25

3 3 —iko-r1o—ika-
Bijs(k1, k2, k) = /d 712 /d r13&ijs(T1g,rig) e 22T TS

oK |
+ L [ dPr&is(r) e ke

T
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Fourier vs. configuration space

® |n configuration space:

- i - i
<(5i(xl)0.f(x2)(5k(x3)> = &ijk(ri2,r13) + #61)(r12)5ikf(r13) + (2 cyc.)
.I‘Z'A
25 ﬁjg 50(1'12)50(1'13)
, "
<5,-(X1)5J(X2)5(X3)> = &ijo(ri2,T13) + = §7(r12)&is(r13) -
® In Fourier space:
5 5,
= Zijk -+ [n—Z:jk -+ (2 CycC )] —+ 77522

B’ij5(k1> ko, k3) = /d37“12 /d37“13 fz’ja(rlz,rlg) g~ k2 Ti2—iks T3
5K

+ 2L [ dBrgs(r)eikeT
T
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Fourier vs. configuration space

® |n configuration space:
oK
<(5 (x1)0,(x2)0k (Xz)> = &ijk(r12,113) + | =267(r12)&ik(r13) + (2 cyc.)

%

® In Fourier space:

€0i €05 €0k
- ij — iji

3 3 —1ksrio—tks-r
Bijs(ki, ko, k3) = /d 12 /d r13&ijs5(T1g,riz) e 22T TS

o |
+ L [ dPr&s(r)e ke

T
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Squeezed limit

® [et us scrutinize Bjs in the limit k1 =ko =0, 0<ks <1

| 5K |
Bz’jé(kla k2, kg) — /d37°13 /dg’/'lg f,,;j(;(rm, r13)6_2k3'r13 + # /d37“£7;5(1') 6—zk3-r

T
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Squeezed limit

® [et us scrutinize Bjs in the limit k1 =ko =0, 0<ks <1

| 5K |
Bijs(k1, ko, k3) — /d37°13 /d37°12 Eijo(T12,T13)e 8T8 4 — /d3r§i5(r) e tkaT

T

bi
~ — Pin(ks)0;;

Uz
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Squeezed limit

® [et us scrutinize Bjs in the limit k1 =ko =0, 0<ks <1

| 5K |
Bijs(k1, ko, k3) — /d37“13 /d3T12 Eijo(T12,T13)e 3 T18 4 — /d?’rfi(;(r) e tkaT

Uz

bi
o(ks) = or, ~ ?Hin(k3)55

Uz

ijs(riz,T13) Fad (& (r12]01)0L)

0
R a—dez'j(rw o) (07 )

01,=0
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Squeezed limit

® [et us scrutinize Bjs in the limit k1 =ko =0, 0<ks <1

| oK |
Bijs(k1, ko, k3) — /d37“13 /dg"“u Eijo(T12,T13)e 3 T18 4 # /d?’rfi(;(r) e tkaT
b, B
5(k3> = 0L ~ %Plin(k;%)@;j
Eijs(r12,r13) = (€ (r12]0L) 0L
0
~ ——&ij(ri2|0n) (67)
dor, ™ 51,=0
/d37“13{ /d37“12 gijé(rl% rlg)}eikg-mi’a
0 3
N o5 [ @2 &i(riz|on) Biin (ks3)
L 51,=0
o=,
= Pm 95 / Plin(kS)
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Shot noise consistency relations

® A consistency (model-independent) relation:

pt 4 plot = 35{]{ + P

€0 €55 €05 €54 .
)
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Shot noise consistency relations

® A consistency (model-independent) relation:

pt 4 plot = 355 + P

€0 €55 €05 €54 .
)

® Satisfied by our reformulation of the halo model ?

0=y 0 { M; M, (nM?) }
Pma=— = Pma= —bz_——b_——Fbe —
Opm Opm Pm " Pm ! Pm
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Shot noise consistency relations

® A consistency (model-in 8{\4@- _ (? _1 /dM Mn ©(M, M;)
0pm  Opm \ 1y
{0]
PEOif — _i dM M (ﬁ) @(M7 MZ)
® Satisfied by our reformt
fied by f _ ! /dMMn(_n 8_n)@(MaMz')
o= . i Pm pm OPm
~ Y=y D,
Pm D Pr _ J\@bz
Pm
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Shot noise consistency relations

® A consistency (model-independent) relation:

PO 4 plot = 35{]{ + Pm

€01 €55 €05 €54 .
7

® Satisfied by our reformulation of the halo model ?

0=y 0 { M; M, (nM?) }
Pma=— = Pma= —bz_——b_——Fbe —
Opm Opm Pm " Pm ! Pm

® \Varying bar{M} and <n*M"2> only:

= Mb; M b; M?b
Pma_ L= —p—L — bj—— + b;b; n — L

= plot 4 plo; |

€01 €55 €05 €54
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Conclusions

® The original halo model predicts a halo shot noise power spectrum in good
agreement with the data, but leads to unphysical noise in cross halo-matter
statistics

® The halo model can be reformulated in such a way that it still qualitatively
reproduces super-/sub-Poissonian noise in the low-k limit and, at the same
time, is not plagued by unphysical noise

® Qur prescription straightforwardly maps onto the perturbative bias expansion

® Non-Poissonian contributions are related to volume integrals over correlation
functions and their response to long-wavelength density perturbations.

® The shot noise in the cross halo-matter bispectrum of cluster-size halos is
strongly sub-Poissonian. The deviation from Poissonian noise is stronger than
in the power spectrum
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