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o Cluster physics & cosmology need ICM pressure profile measurements

— High-resolution SZ observations (see talk by L. Perotto)

o NIKA2 LPSZ: 50 clusters to measure pressure profile at high-z with high resolution SZ

— Need fast and accurate individual pressure profile evaluations

o This work: a new Python software to measure ICM pressure distribution
e Using bayesian MCMC to fit a pressure profile on an SZ map
¢ Forward modeling approach that takes into account mm data features
¢ Flexible user inputs: radial binning, parameter priors, choice of center, ...

e Optimized: uses efficient Python numerical computation libraries, MCMC multithreading

o So far tested on simulations and working on NIKA2 data (see talks by E. Artis, M. Munoz)

— Generalization to any instrument in progress
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Algorithm
Validation on simulated input & results showcase
Validation on MUSIC hydrodynamical simulations

Conclusions & perspectives
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® Algorithm flowchart

Inputs

Outputs
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o Pressure distribution modeled by a pressure profile P(r)

o Two models implemented:

o« gNFW: P(r) = Py (r/r,) ™ [1 + (r/r,) 1T

Normalisation P, two slopes (b, ¢), transition radius r, and sharpness a

e Binned: P(R, <r <R, ) =P, (r/R)™ %
For n bins, n pressure P; at radii R;, and a; = — log(P;,,/P;) / log(R;,|/R;)
Inner and outer slopes (outside bins) are extrapolated
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o Pressure distribution modeled by a pressure profile P(r)
o Two models implemented:
o« gNFW: P(r) = Py (r/r,) ™ [1 + (r/r,) 1T

Normalisation P, two slopes (b, ¢), transition radius r, and sharpness a

e Binned: P(R, <r <R, ) =P, (r/R)™ %

For n bins, n pressure P; at radii R;, and a; = — log(P;,,/P;) / log(R;,|/R;)
Inner and outer slopes (outside bins) are extrapolated

o Advantages and drawbacks:

gNFW Binned
e widely used ¢ |ess restricted shape
— easy to compare with literature — can identify features
¢ smooth e |ower parameter correlations
— easy to differentiate and extrap. — faster MCMC
e restricted shape ¢ Not smooth
— cannot identify features — trickier to differentiate and extrap.

e strongly correlated parameters

— slow MCMC Best model depends on
analysis goals
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o Pressure profile integrated along the line of sight
Numerical integration for gNFW, analytical for binned

— Compton parameter y map
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o Pressure profile integrated along the line of sight
Numerical integration for gNFW, analytical for binned

— Compton parameter y map

— 0.035

o Convolved by the NIKA2 beam (PSF smearing) 120
and transfer function (pipeline filtering)
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— Filtered (data-like) y map
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o Pressure profile integrated along the line of sight
Numerical integration for gNFW, analytical for binned

— Compton parameter y map

1.0

1.5
o Convolved by the NIKA2 beam (PSF smearing) ok I

and transfer function (pipeline filtering)
100 [~

— Filtered (data-like) y map

80 I-
o Conversion to surface brightness units

Coefficient taken in input, treated as nuisance parameter 60 |-

— Filtered, calibrated SZ map ol 1-05
20 -1.0
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o Pressure profile integrated along the line of sight
Numerical integration for gNFW, analytical for binned

— Compton parameter y map

1.5
o Convolved by the NIKA2 beam (PSF smearing) 1ok I

and transfer function (pipeline filtering) 1.0

100

— Filtered (data-like) y map

80

o Conversion to surface brightness units
Coefficient taken in input, treated as nuisance parameter 60 |- .

— Filtered, calibrated SZ map 405

o (Optional) Point source contamination: point sources

with variable fluxes can be part of the model

Treated as nuisance parameters,; see Keruzore+20 0 . . . . ! ! s
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o Pressure profile integrated along the line of sight
Numerical integration for gNFW, analytical for binned

— Compton parameter y map

1.0

1.5
o Convolved by the NIKA2 beam (PSF smearing) 1ok I

and transfer function (pipeline filtering)
100 [~

— Filtered (data-like) y map

80

o Conversion to surface brightness units
Coefficient taken in input, treated as nuisance parameter 60 |- ® 1%
— Filtered, calibrated SZ map wl 1 05
o (Optional) Point source contamination: point sources 1o
. . 20 .
with variable fluxes can be part of the model M (19)
Treated as nuisance parameters,; see Keruzore+20 0 . . . . ! ! s
0 20 40 60 80 100 120

o Summary — Parameters of the model:
e Pressure profile parameters ™)

e (Conversion coefficient

9
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o Model map from previous slide M(9) fitted on the data with likelihood function:

2
D — M9
logey= Y (P MO
NIKA?2

pixels

Comparison between NIKA2
map D and model map M(9)
(with noise rms map o)

o A noise covariance matrix can also be included for correlated noise
o Priors on parameters defined by the user = posterior distribution
o MCMC sampling of the posterior distribution

e (Convergence check based on Gelman-Rubin and autocorrelation

e User-defined analysis parameters: # of chains, burn-in length,
convergence check parameters

o Once convergence is reached:
e remove the chains considered unconverged by the convergence check

e (optional) thinning: keep one point every autocorrelation length

— Final chains
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(® Results on simulated input

==> Initialization
No covariance or noise simulations: considering white noise
Large scale signal constrained by Y_500 = (38.42 +/- 10.67) kpc2
TF convention: NYQUIST
Loaded X-ray profiles from ./Demo/Data/parprod4.json
MCMC starting point:

0.08005177270475204

0.0250456576742367

0.011697007853108513

0.004320671079528028

0.0012254141649320678

0.00010317434803111635

calib = -11.9

zero = 0.0

e \Vith white noise, realistic filtering I —

Convergence will be checked every 1000 steps
1% | 999/100000 [01:35<2: 10.75it/s]
1000 iterations

e \With constraints on YSOO | | | 1999/100000 [03:10<2: 10.37it/s]

2000 iterations
3%|. | 3000/100000 [04:46<2: 10.33it/s]

o With a binned pressure prOfile ggr?lgvi(tjeggtciﬁgins because of too long autocorrelation

Max autocorrelation length per chain: 56 +/- 2
R_hat = [1.001 1.009 1.009 1.003 1.017 1.045 1.016 1.006]

® Combined Wlth X_ray deﬂSi’[y pro-ﬁle 4%1% cterations | 4000/100000 [06:22<2: 9.97it/s]

Removed 17 chains because of too long autocorrelation
Max autocorrelation length per chain: 82 +/- 13
R_hat = [1.008 1.01 1.012 1.008 1.012 1.012 1.009 1.006]

o Convergence reached in <10 minutes with s+ | 5000/100000 (05:00<2:41:53, .783t/s]

5000 iterations

o Test — run the fit;

nm mn nw n nn

e (Of a simulated cluster map

Removed 16 chains because of too long autocorrelation

30 Chalns runrnﬂg on 30 threads Max autocorrelation length per chain: 93 +/- 21
R_hat = [1.009 1.009 1.006 1.01 1.009 1.012 1.008 1.008]
6% I | 6000/100000 [09:36<2: 10.75it/s]
6000 iterations
' . . . Removed 9 chains because of too long autocorrelation
o Example will be included in the public release Max autocorrelation Length per chain: 112 +/- 32
R_hat = [1.01 1.008 1.009 1.01 1.007 1.009 1.011 1.005]

6% | I | 6000/100000 [09:36<2: 10.41it/s]
MCMC running time: @@h @9m 37s

T T T T 0.8

Managing Markov chains
Removed @ chains because of bad posterior values
0.6 Removed 9 chains because of too long autocorrelation
' Max autocorrelation length per chain: 112 +/- 32
Keep one point every autocorrelation length
-> Total number of accepted independent points: 1033
0°32' - — 0.4 Best fit params:
0.035512528165889984
0.02940393485735021
0.012154193690797732
0.004851537647741591
0.0014813747673666307
0.0 0.00012207074455567458
calib = -11.84930060146621
30 zero = -5.490897554209001e-05

0.2

nm nn nw n nn

pos.eq.dec
1

-1-0.2 Thermodynamical properties computation

Plotting things

0.4 Thermodynamical profiles..
Parameter distributions...
Data / model / residuals...

28' —-0.6

Integrated values from your fit
R_500 = 803.92 +/- 32.60 kpc
: ; 08 M_500 = 3.90 +/- 0.48 e14 Msun

|
h, _m, s S Y_500 = 41.42 +/- 4.93 kpc2
21536 30 24
End of program.

pos.cq.ra Your results are stored in: ./Results/demo_binned/
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Residuals
Data Best-fit model Data — Best-fit model

1. 1. 1.
@ 0.0 @ 0.0 0.0

I —0.5 I —0.5 I —-0.5

‘ Residuals compatible with noise

Surface brightness [mJy/beam]




™ Results: Markov chains

Py

P

P>

P3

Py

Lal

Calib

Zero

0.00060
0.00045
0.00030
0.00015 f

0.08
0.06 |
0.04 F
0.02 |

0.048
0.040
0.032 |
0.024 |

0.020
0.016
0.012

0.0075
0.0060 f
0.0045

0.0025
0.0020
0.0015
0.0010 |
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Py ... P, : pressure at radial bins;

Calib : Conversion coefficient;

Z.ero : map zero level

Chains visually converged

-8
-10
-12




(» Results: parameter distributions
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Py ... P, : pressure at radial bins;
Calib : Conversion coefficient;

Z.ero : map zero level
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o For binned profiles, we need to interpolate the pressure profile between the radial bins.

o Interpolation scheme:

e Perform interpolation on each pressure profile in the Markov chains
e Use each profile to estimate quantities of interest (mass, temperature, etc)

e |nfer confidence intervals

Pressure profile P [keV - cm™3) HSE mass profile MPBSE [M.]

™7 T il 101 p——r T T
107 E = 3
o Power-law interpolation gives bumpy profiles, . ol
which leads to discontinuities in the mass £ §
dP 7 1073 10"
: - HSE 5 :
profiles since M™>=(r) x — = ;
dr ~ 10 102

1l ] inlS L |

'l § 3 I 'l 'l 'l 'l 'l 'l ] I | 'l 'l 'l 'l -l
107 103 107 103
Radius [kpc] Radius [kpc]



Florian Kéruzoré

(9 Pressure profile interpolations mmUniverse
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o For binned profiles, we need to interpolate the pressure profile between the radial bins.

o Interpolation scheme:

e Perform interpolation on each pressure profile in the Markov chains
e Use each profile to estimate quantities of interest (mass, temperature, etc)

. . .
Infer confidence intervals e e P e ) R
ok o 3 o — T

o Power-law interpolation gives bumpy profiles,

& 1014:
: . . oy . £ 1072 3
which leads to discontinuities in the mass £ g
dP < 1073 10
profiles since MPSE(r) o« — : ;
dr & 107 107

: : , 10-! 1015; ———
o 3 interpolation methods implemented: :
£ 1072 10
e Power-law interpolation (linear in log-log) E :
. qé 10—3 10 ;
— bumpy profile = ;
107 102

e Spline interpolation (in log-log)

L+ 1015::::.::
1071 E

— smooth but can give weird extrap. o]

—_
<
[N

1013 ;

e gNFW fit on each MCMC sample
— smooth and “physics motivated”

gNFW interp.
>

—_
<
A~

1012 ;

L Ll 1 I L L L L L Ll ] [ L L Ll I L L L L L Ll
102 103 102 103
Radius [kpc] Radius [kpc]

Best method depends on
analysis goals
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Pressure profile If binned, correlation matrix of the pressure bins
I[ ] T T T L L | 1 100
: e  NIKA2 binned
| NIKA2 power law interp. | 0.75
— 1
107" E N R Input profile E
1 T T
—  Fronmnssnann. S - ! ! 0.50
| + .g 1 1 -
g E ...... ..; E E 0 25 §
. . - 0. Q
> 1072 l ' l | =
v, 1 Ny 1 1 S
— 1 ‘9 1 1 S
< : S | 40.00 ¢
< : i I S
R <
2 103k | ™ L {025
2 1 1 1 = ) o
0 i i | O
Q" 1 : ".'. |T _0.50
4| ] *
10 : ! ;l . ~0.75
= 2 =
Z | & | Z
i ' e - ~1.00
10? 10°

Radius r [kpc]

Recovered pressure profile in excellent agreement
with the true input profile
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Entropy, temperature, mass

@ Results

103

102

I I I I I I I
s S |m-mmm oo A
s X
| <+ .
i mm 008 ]
”. 3 =t - m”
=
H .S Z
O )
3 S —eo—i
< <
1ER=
I Z Z —Leo—i
Fed
—e—
||||||||||||||||||||||| ——0——+- Wedq ZVYIN -
| | | | | | |
[ASY] (4)? [ aameradway,
— O
) AL |
s S [
= Wl e
| -
o
= S
- st
O ® O
T D N
[ ] a S / _
S 0 S .
2 ot A = Il
2} & D R_J ~
c @} || O N
L 89 S o
O
> 92 &N Rz
@ QL =
r = O ) __ M
¢ O c 5 )
—_— N < — > ©
o o> O Q &
© O Q O
— + O c s LW
€ > o £ 2
s S5 P
= X &= o o0 o

Radius r [kpc]

[;wo- A9Y] (4)”y Adonug

,j—.—.—.—jljj.: —: —:.:.- T —:..:- T —3
e e AOd TVIN 1
(ep]
— -1 O
—
IIIIIII @ == = ———— — oom%
L J
()
M ol
S 2
S <
< +
+ & .
HT = 18
S [ —
= Z :
| o o0 _ " i
A A —e iweaq CVIIN
5 A A -
|| X M
—
|z Z
XY
| TR TTTT I O N TTTE R AN TS [TTTR RS (1170000 S M [TTTR IR WO TN 1110 00 T T 11|
e = « a = S 2
o o o o o (a) m
— — — — — —
[°IN] (4 >) W sseIN ASH
— —- T
SN svopusyeu. Sy ey E A0 ZVIN
(o]
|— e =
—
IIIIIIIIIIIIIIIIIIII O ————————————= 00Sy
oA
re-
B M o+
S 2
S <
S +
+ & o
HT = e
S [ —
= Z .
L O 80 | . A o
A A Weaqr @ IN
5 A A -
|| X M
) e
|z Z
XY
——— ———
< I3 I\
(@) (@) @]
— — —

Radius r [kpc]

Radius r [kpc]



Results: integrated quantities
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If available X-ray density:

1.

Compute overdensity profiles o(r) from each

mass profile from MCMC chains

Solve each profile for 6(r) = 500

— Rs5 value for each MCMC sample

— probability distribution for Rs,

For each sample, compute
— M5, Y500 values for each MCMC sample

— probability distrioution for Msgg, Ysg0
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Validation on MUSIC hydrodynamical simulations

Conclusions & perspectives



Scope

o Goal: testing on “real life” clusters

o Data used: simulated NIKA2 observations of clusters from
hydrodynamical simulations

e (Clusters from the MUSIC simulation (Sembolini+13)
e 32 clusters forming a sample similar to the NIKA2 LPSZ

e Maps from Ruppin+19: include cluster SZ signal,
PSF filtering, transfer function filtering, correlated noise

o PANCO2 analysis: fit the pressure profile of the ICM
e Binned pressure profile
e From the center of the map (some clusters are off-centered)

¢ Jaking into account noise covariance matrix
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z=0.54

Results examples
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Recovered profiles in agreement with true profiles
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z =0.82

Results examples
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Conclusions & perspectives
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o A new software to fit pressure profiles on SZ maps
e Takes into account mm data features through forward-modeling
¢ Fit done using bayesian MCMC for inference on ICM physical properties
e Highly customizable analyses

e \ery efficient: most simple analysis ~10 minutes

o Validated on simulations

e Excellent agreement between truth and results for simple simulations

e Same for complex hydrodynamical simulations

o Official pipeline for the NIKA2 SZ Large Program
e Routinely used for LPSZ analyses

e Efficient enough for cluster sample analyses

o Public release: stay tuned!
e (Generalization to any other instrument in progress

e \Will come with extensive documentation and an accompanying paper

Many thanks to all beta-testers for their reports and the resulting improvements



