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Halo Model : tool to predict non-linear matter (and its tracers) power spectrum
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Extragalactic Carbon-Monoxide (CO) —— A forgotten signal in CMB
analysis pipelines?
Maniyar+23
Kokron+24
Mehta+25
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Kokron+24

Mehta+25

3 Vrest
Vobs =
1423

v=90GHz

Vrest

- 1420 _

2
/\/\/\; Vobs

1-0

- Vrest
obs 1+ 2

b

Different CO transitions originating at different redshifts can be observed
within the same CMB frequency band

Extragalactic CO as a continuous emission

12
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Introduction : Halo Model E . CIB Model Datasets

Halo Model formalism employed to compute power
spectra of different tracers and their cross
correlations

CIBxCIB COxCIB coxCco
106 93x93 GHz Lo 145x145 GHz 100 225x225 GHz
— cMB — ksz —— tsz =— o — cmB — ksz —— tsZ =— CO e — ksz sz =——co
—— Radio Sources —— tSZxCIB —— COXCIB —— Radio Sources —— tSZxCIB —— CIB === COXCIB — Radio Sources —— tSZxCIB —— CIB === COXCIB

D, [uk?]
D, [uK?]

1074 =
9000 1000 2000 3000 4000 5000 6000 7000 8000 9000 H 1000 206G @000 4000 5000 6060 7000  sag  sofd

1000 2000 3000 4000 5000 6000 7000 8000
)3

Zagatti et al. in preparation
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Introduction : Halo Model E . CIB Model Datasets

Halo Model formalism employed to compute power
. spectra of different tracers and their cross
X ! correlations

CIBxCIB COXCIB COxCO
- 93x93 GHz - 145x145 GHz 1G9 225x225 GHz
— cMB — ksz —— t5Z2 = CO — cMB — sz 57 =— O — cMmB — ksz tSZ == CO
—— Radio Sources ~—— tSZxCIB —— CIB === COxCIB

—— Radio Sources —— tSZxCIB — B = COXCIB —— Radio Sources — t5ZxCIB — CIB m— COxCIB

Dy [pK?]
g

1073

8000 9000

1000 2000 3000 4000 ; 5000 6000 7000 8000 900 1 COXCO still negligible for 000 * 7000 2000 3060 4000 ) %000 G000 1000
CMB frequency channels

Zagatti et al. in preparation
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Introduction : Halo Model E . CIB Model Datasets

Halo Model formalism employed to compute power
. spectra of different tracers and their cross
X ! correlations

CIBxCIB COXCIB COxCO
o tmene COxCIB comparable to other = - A
— Radio Sources —— tSZxCIB —— CIB = COXCIB eth‘agalaCtiC signals included in \3\ —— Radio Sources —— tSZxCIB —— CIB === COXCIB

CMB analyses

102

D, [uK?]

102 10-2
//
103 10-3
104 104 10-4
1000 2000 3000 4000 5000 6000 7000 8000 9000 1000 2000 3000 4000 5000 6000 7000 8000 9000

1000 2000 3000 4000 5000 6000 7000 8000 9000

Zagatti et al. in preparation
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Introduction

CIB Model

Halo Model

@smic Infrared Background \

e Implementation of a full shape two
galaxy population description of the
CIB based on a Halo Model framework

e Improvement with respect to
available single galaxy population
models

e Same dataset-related issues found by

N \\previous works O/

Giorgia Zagatti

Datasets  *

zzzzzzzzzz

e Extension of the Halo Model to the

/Extragalactic (of0)

evaluation of the extragalactic CO
power spectrum

e Analytic model for COxCO and COxCIB
power spectra

Need of a physically motivated and
comprehensive model of foregrounds
emission for forthcoming CMB

experiments
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Non-linear galaxy power
spectrum in a halo model

framework
X12 P11 C13
log(MET IMoh™") 12.09 £0.06  11.95+2.10-  12.00 £ 0.04
12.21 £0.51
@y s s 1.81+0.04 1.02+087-  1.55+0.05
130+ 1.16
log(MLT /Moh™") = 10.85 - 10.85 + 0.06

arr

min
- =1
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Two-galaxy-populations model

Blue cloud Red sequence
late-type spirals & irregulars early-type gllipticals & SO
active star formation passive / quenched

quenching / feedback

number of galaxies

Green valley
(transition, sparse)

CIB: late-type progenitors e e CIB: protospheroidal progenitors
extended star-forming disks intense burst then quenching
e AGN / feedback i
cold dust, UV/IR emission warm/hot dust, submm emission
— blue cloud / blue sequence — red sequence / passive ETGs

transition

More massive and more static

Less massive DM haloes,
DM haloes

which more likely merge with
other low mass DM haloes

Giorgia Zagatti : : o VLSFZA, Grenoble - 23/06/2026 .
hot : s . ’ nigt



Emissivity functions

10°

Jully/sr]

103

—— 353GHz
—— 545GHz
—— 857GHz
-==- late-type

NB: broader contribution over
redshifts from ET galaxies.
The fact that we don’t expect
any contribution from ET
galaxies at very low redshifts
is encoded in the emissivity

The luminosity function for ET galaxies is a convolution of the iEIGE {3 ELil)iB:1{: (obtained
as the time derivative of the hmf) and the [ZEIEVQBUTIITILE (AT IE 8g1s)ii8le)i! (log-normal
distribution).

dn dIn(vf(v))
=dn .

exp(—log’(L/1)/207} |

=dn——~= P(log L|log LYdlog L = log L,
dtvir dtvir \{ 271'0'2
MG e dry, | d
®d(ogL,z) = f dM,;, dzyir| —— —nP(log L; 7).
M:;T:" Zg;irn dZvir dtvir

Required an empirical parameterization for the luminosity function of LT galaxies. (Cai et al. 2013)

12 2! *
®(log Lig,z)dlog Lig = ®* (%) exp{—%}dbg Lir,

functions (cut-off). r T T T =
. | | — d z_ Near-IR Mid-IR Far-IR Sub—mm -—:E
1 2 3 8 . E
.Glim Lv = Vf(V)Lbol- T _15_ _
3 — ° E—"N E
]v(Z) = / T -2 3
0 ¥k E
#BN(S.,2)  D(logLy,z)dLy dV g _ (+2)Ly 3 F
dSVdZdQ B Ly in 10 dSV dzdQ)’ v 47‘[D% (Z) 4 - E
=% E_ ————— Warm SED
Surface density of sources flux density Eo e A Y
. . -5kt 1 1 1
per unit ﬂpx plensﬂy and (log Ly, z) LE 0 : 2 3
redshift interval i
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Contributions of different components

107
— ET — SN - 217x217
— LT — CIB — 1200x% 1200
106 — Mix

Giorgia Zagatti

ET

clustering

Dataset Total Frequenc
area y
(deg?) channels
(GHz)
P14 2240 217, 353,
545, 857
L19 2240 353, 545,
857
—
V19 90 600, 857,
1200
ET +LT

G VLSFZA,.Grenoble - 23/06/2026

Multipole Binning
range scheme
150-2500 )| Logarithmic
75-2500 Linear
600-11000 Linear and
logarithmic
shot noise

Color
Correc
tion

1.119,
1.097,
1.068,
0.995

1.097,
1.068,
0.995

0.9988,
0.9929,
0.9957



Different contribution in frequency

|
s

IIIIIIIIII'L‘IIIIIIIII
1

|
N
IIIIIIIIIIIIIIIIIIIIIIIVB

|
(&}

log vL, [Hz * Lg Hz™"]

(TTTTTTTT

Warm SED
Cold SED
Proto—sphero
PR |

idal SED
N

IIIlIII|IIIIIIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIIIIIIIII

o

1

can start resolving
the LT population
individually

favours detecting the
integrated CIB from rare,
bright, high-z starbursts
(ET progenitors) rather
than resolving individual
faint LT galaxies

Giorgia Zagatti



P14 without 217 GHz

P14 Cyxw=1 . . .
B P14 Cyx, =1,n0217 GHz e Smaller shift in the 2D posterior

P14 Cyxw Open, no 217 GHz distributions. To understand this we
J need to look at the full parameter
“ space explored by the fit. We find a
/ \ tension in the two scenarios for the
A X g 115 value of the shot noise level of the 217
: : GHz frequency channel. Specifically,
£k o5 we obtain a value for the shot noise
16 level which is higher in the case with
15 free correlations than in the case with
514 fixed correlations. We also see that
\ 12 3| the correlation coefficients involving
~”'/ ' 11.0 115 10.5 11.0 115 1.2 14 1.6 the 217 GHZ frequency Channel are
~ logMg], logMi7, o significantly lower than unity. We
explain this behavior by noting the
degeneracy between the shot noise
level and the correlation coefficients
at 217 GHz, which P14 data are not
- /,./ \\ able to break. Specifically, they are
110 115 110 115 ~131321516 anti-correlated, meaning that a shift
logMET logMLT ar of the shot noise level toward a lower

value, closer to the one obtained in
The exclusion of the 217GHz frequency channel makes the results of the fits  the first scenario, leads to higher

more stable among the two scenarios. values of the corr coeff.

N
/4
LT
mi

logM,
—
o
o

12.0¢

[
[
w

logM:LT,
—
=
o

1.6

arr
=
=y
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P14 Shot Noise correlations

P14 C,x open
B P14 Coxw=1

C217x857
o

2

C353x545
o 23V
S8 8
28 @

e

C353x857
8

Csasxgs7
B

0 20 30

ol ol
SN217x017  SN3s3x353

Giorgia Zagatti

250 300 350 1000 1500

ol
SN5a5x545

20004000
ol
SNgs7x57

0.6 0.8
C217x353

0.4 05 06

C217x545

C217x857

C353x545

C353x857

04 06 08 085090005100 08 09 10 08 09 10

Csa5x857

Parameter Prior Results Results
Cle"g =1 CV]XV: open
log(MET [Moh™") [10.7,12.8] 1145408 11.12+0.19
log(MLT /Moh~') [105,12.8] 1 1.1xjg;g;} 1 1.56jg}7;s
0.063 0.07°
QT <o [0.2,3.5] 17337100 143610015
SNBIT woncs s ¢ [0,50] 6.72 £ 0.76 22+4
SNis3 ...... [50.500] 273+ 16 276 + 20
SNs4s ... ... [400,4000] 1296 + 120 1247 + 100
SNssy w65 55 ¢ [200,8000] 1827 +300 13994300
it oo a4 » 1+£0.0156 0.999+0.014 1.010+0.015
FB e o b 1£0.122  1.096+0.032  1.094 +0.032
o s o s 1£0.128  1.289+0.076  1.200 +0.072
C217%353 - + - - - [-1, 1] - 0.648t?'3(’§
e 1 . -1, 1] ; 0.469 + 0.034
C217x857 « - - - - [-1, 1] . 0.562 + 0.070
C3s3xs4s - - - - - [-1,1] ” 09467 031
C353x857 - + - - + [-1, 1] - 0.937i8:8§g
Cs545%857 + + « » - [-1, 1] - 0.934+0.0%

SN
CK,I/XI//

i VJSFZA,‘Grenoble - 23/06/2026
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L19 re-analysis

Giorgia Zagatti

45,120 857 x 857 L19 data
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Three different datasets obtained after a
re-analysis of the maps.

The first version of the data set was
obtained applying the same neutral
hydrogen column density (N,;,) threshold
of 2.5 x 10%° cm™ across all three
frequency channels (blue curve).

The second data set applied a lower N
threshold of 1.5 X 10?° em ™2 across all
channels to explore the impact of dust
and in particular of dust residuals in the
analysis (green curve).

The third data set has been obtained
following the prescription of L19 and
imposing a different threshold for each
frequency channel. Specifically we set
N,,=2.5x10*cm™,2.0x10*° cm™ and 1.8
X 10*° em™® for 353, 545 and 857 GHz
respectively (orange curve).




L19 dust contamination

( A w353 GHZ\

/ | Bl 545 GHz
| Bl 857 GHz

11.8

logM,
il
e
B~

-
=
o

10.6

1.6

1\

1.3

ar

11 12
logMET,

11.0 115 1.3 14 15 16
logMLT, acr

the two higher frequency channels result
in much higher best-fit values for the
Mmin of ET galaxies. Recalling that this
clustering parameter acts as a re-scaling
of the power spectrum, the high values
could possibly be hinting at an excess of

power coming from dust residuals.

Giorgia Zagatti

11.4
HE112
s
3110
10.8
4
10.6

s 353 GHz
I 545 GHz
I 857 GHz

1.5

1.4

ar

1.3

1.2

11.0
logMET,

115 11.0

logMT,

11..5

12 1.3 14 15
arr

more aggressive mask, so smaller
contamination. The behavior of the
posterior distributions of the
clustering parameters changes
significantly. There is no tension
between the minimum masses of ET
galaxies, supporting the hypothesis

of a dust residual.

G YLSFZA,.Grenoble - 23/06/2026 .
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N 353 GHz
N 545 GHz
N 857 GHz

11.4
£11.2
3
110
108} [ N
106 i .
1.5
. \
S14
-,
1.3} q—
11.0 115 11.0 115 1.3 1.4 15
logME?, logM5E, aip

different thresholds for the three
frequency channels, showed no
significant differences from the second
data set, except for the 353 GHz
frequency channel which provided
more constraining power due to more
data retained.



P14 model vs data
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L19 model vs data
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Data model comparison

Model-Data comparison

~model
Livxy!

Cmodel

Livxv!

= A, X cc, X cc, X

Instrumental response

Dark Energy
Accelerated Expansion
Afterglow Light A\
Pattern  Dark Ages Development of \
375,000 yrs. Galaxies, Planets, etc.

Inflation

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years

Giorgia Zagatti
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CO SLED

SLED in Lo

=== flat (calibrated cy)
—— LTE 8K (pk~6)
—— LTE9K (pk~6)
50{ —— LTE 10K (pk~7)
LTE 12 K (pk~8)

LjLi-o [Lo]

Y

Jupper
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CO power spectrum

COxCO

CCOMXCOU") _

Lvxy!

1 - .. :
® & (2) = )Qchhan(umst) emission/geometric kernel

4n H(z)Av(1 + 2
— dn . ..
0 js(2)= / dm=—[(L;) +(Ls)] ~ mean emissivity

B Loo. = (No(m,2))(¢.) central CO luminosity
B Loo, = (No(m,2))(t,) Satellite CO luminosity

® Pcoxco = Py co + Phvco + Pt co  COxXCO power spectrum

h
o Pcl’b(J)xCO(J’)

Jiin /dm :iLm [N Ns ((Z;’)(Z;"} “J)M )>“gnl —1h term

NN - 1><fz;><e.!’>agaz] :

5 1 dn
Pvlnm(k) |:T /dm %b(ﬂl

J

O P3tsxcown = )(Ne(€]) + No(£ >qull):| — 2h term

x [é [ am by (e + Ntel >uqaz)]

J
1
PCO(J)XCO(J') = ==

Jiiy

/ dmjn {NZJZJ#NEW} __, shot noise
m

COxCIB

dy dz
[CL,OXJ,)XCIB—Z/ A QECIBV 2)¢co(nw (2)Peo(ryxcrs(k)

For the COxCIB power spectrum I'm using my 2
populations CIB model (so 2 sets of HOD
parameters) and an effective HOD for the CO

population.
1h 1 1 dn ET(LT) A/CO 4J ET(LT) 7,CO 4J
PCOxET(LT)(k) = m ¢ 7(‘0 f]’m% N, N5 + Ny N5E, | iigar
© el 1h term
+ NETD) N0yl g2 ]]
s Ugal
PEdwerr) (k) = Pam (k) [ET(LT /dm b(m) gal ugal]
o . " 2h term
% [{—/O/dm%b(m) <N§0£ﬂ+N§0e;>ugM]
Jy
1 ET(LT) \yCOpl | ;e
o Petenan(®) = —pram <00 i [ am [ wErOONeon + T Rerel] oy
Eal ;
noise
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COxCO vs COxCIB .

225x225 GHz

—— CO-CO auto-spectrum
—— CO-CIB cross-spectrum, v; —CO, v, — CIB

COxCO
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eCO: comparison with previous works (all simulation based)

103 {=2800 {=4800

{=6800

102<

101_

100_

Dy [uK?]

10—1_

s
7’

1024 . (& cem T T g

V1 X v, [GHZ] V1 X v, [GHZ]

CIB UM (this work)

CO (this work)

COxCIB UM (this work)

CIB — Mehta+25

COxCIB — Mehta+25

CO — Mehta+25

kSz

CO — Kokron+24 (range)

CO — Maniyar+23

COxCIB — Kokron+24 (range)

COxCIB — Maniyar+23
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