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* |Incompleteness of ACDM model?
Evidence for massive neutrinos?

« Incorrect “mass-bias” between SZ gas and dark matter?
Hydrodynamical simulations predict: Mg,s / Mgark matter = (1 —b) = 0.8

« Miscalibrated SZ analysis by neglecting relativistic corrections?
Remazeilles, Bolliet, Rotti, Chluba 2018



Some facts (1/2)

« So far, relativistic corrections to thermal SZ effect have always been
neglected in any cosmological data analysis (e.g. Planck)

« The SZ spectral signature adopted for the extraction of Compton-y
parameter has always been the non-relativistic limit:

—— kT, =0 keV (non-relativistic)
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« This is equivalent to saying that the electron gas temperature of all
galaxy clustersis T, =~ 0 keV!



Some facts (2/2)

« But galaxy clusters are massive, therefore have hot temperatures:

Msoo 2/3  Arnaud et al 2005
kT, ~ 5 keV [\/ﬂm(l +2z)3 + Q, 3% 101 =10 Reichert et al 2011
X ® Erler et al 2018

“Temperature-Mass relation”

« So the true SZ spectrum must be different from the non-relativistic limit
assumed in Planck SZ analysis

— Miscalibration of Compton-y parameter signal
* While relativistic corrections might be negligible on individual clusters

at Planck sensitivity, they become in fact relevant on an ensemble of
clusters: power spectrum, cluster number counts



Relativistic temperature corrections
to the thermal SZ effect

In hot galaxy clusters, relativistic corrections to
the thermal SZ effect should be accounted for:

T, # 0 keV APP%(v,0) =Y(v,T.) y(6;Te)
= (Vo) +8(1,To)) y(6;Te)
. : non-relativistic spectrum atT, =~ 0 keV:

 signal of interest: Compton-y parameter
1(6
¥(8:T.) = o7 [ n, L) 415

The spectral signature of SZ emission from galaxy clusters
changes with the electron gas temperature



Relativistic corrections to the SZ spectrum
AI¥%(v,0) = Y(v,T,) y(6)

—— kT.=0 keV (non-relativistic) » Planck’s
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The spectral signature of SZ emission from galaxy clusters
changes with the electron gas temperature



Relativistic corrections to the SZ spectrum
AI¥%(v,0) = Y(v,T,) y(6)

—— kT.=0 keV (non-relativistic) » Planck’s
0.151 —— kT.=5 keV . )
KT = 10 keV T, 7 assumption:

_ o10] — KTe=15kev T, ~ 0 keV
TL
wn
> 0.5
=
m\ [0 750 10 N I
J

—0.05-

—0.10-

10 30 100 300 600 1000
v [GHZ]

v Relativistic temperature corrections reduce the overall intensity
at fixed Compton-y parameter

v Assuming the non-relativistic spectrum Y (v) for cosmological SZ
analysis leads to an underestimation of the Compton-y parameter




SZ Compton-y signal reconstruction: ILC

—— kTe =0 keV (non-relativistic)

d(V, 0) = y(e) + N(V’ 0) 0.151
N———’ —— - 0.10/
Planck frequency signal foregrounds 5 oo
data of interest + noise z
E

« |LC = weighted linear combination of frequency maps: N

10 30 100 300 600 1000
v [GHZz]

57(5) =Y, w(v)d(v, 5)

(%) = wt (dd*) w minimum (1)

Lyw(v) =1 (2)

such that

C—l
C—l

+ ILC weights : wt = (C = (dd*))

= y(ﬁ) = y(0) + wN : K
_— T Planck 2015 results XXII

recovered minimized
signal  residuals

(2) by (1)



Miscalibrated Compton-y signal reconstruction

—— kTe =0 keV (non-relativistic)
d(v,0) =Y(v,T,) y(8) + N(v,6) e i
- 0101 — kTe =15 keV
Planck frequency signal foregrounds 5 gos Y(v, T.)
data of interest + noise NE | *
« ILC = weighted linear combination of frequency maps: N
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Underestimation of Compton-y signal !



Planck SZ power spectrum is miscalibrated

Planck analysis assumes T, = 0 ke\/ for all galaxy clusters
by using the non-relativistic SZ energy spectrum: vV, (v)
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Planck SZ cluster count is miscalibrated

Planck analysis assumes T, = 0 ke\/ for all galaxy clusters
by using the non-relativistic SZ energy spectrum: Y (v)
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Accounting for relativistic SZ effects
will increase the inferred value of og

Given the observed intensity:
APP%(v,0) = Y(v,T,) y(6)
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Remazeilles, Bolliet, Rotti, Chluba (2018) m



Average temperature of galaxy clusters?

v Itis not kT, ~ 0 keV for sure!

v kT, ~ 6738 keV by stacking Planck clusters detected at high significance
Erler et al (2018)

v kT, = 5 keV from cluster mass-dependence of thermal SZ power spectrum
Remazeilles, Bolliet, Rotti, Chluba (2018)

See hereafter...



Compton y-parameter power spectrum

Komatsu & Seljak (2002)
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Which cluster masses and temperatures
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Planck SZ power at £ ~ 10%-103 is mostly sensitive to massive clusters with:

= Planck mostly sensitive to cluster temperatures:

(temperature-mass relation: kT, ~ 5 keV [\/ Q14+ 2)3 4+ Q) o

Mz 3x10" h_lMQ

T, = 5 keV
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Revisiting the Planck NILC y-map

vsCt Y(T)C™!
YOtC‘lYO Y(Te)tC‘lY(Te)
T, =~ 0 keV T, = 5 keV
Planck 2015 results XXII Remazeilles, Bolliet, Roftti, Chluba

(2016) (2018)



Updating the Planck y-map power spectrum

------- kTe =10 keV
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Planck C}'y increases with average cluster temperature T,
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Remazeilles, Bolliet, Roftti, Chluba (2018)



Updating the Planck y-map PDF

------- kTe =10 keV
10°{ ---- kTe=5 keV
—— non-relativistic
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Planck y-map skewness increases with average cluster temperature T,
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Remazeilles, Bolliet, Roftti, Chluba (2018)



What is the relevant average temperature
of galaxy clusters ?



Moment expansion of relativistic SZ
around some pivot temperature T,

oY (v, T,)
aT,

AI%(v,8) = Y(v, T,)y(8) + (T, —To)y(0) + 0(T2)

oY (v, T,)
aT,

Cr =YW, T)*(lyml?)+2Y(v,T,)

N— —

( [(Te _ Te)y]fm J’?m ) + O(Tg)

N -

yy : ——
Cy linear bias in T,

v' Planck’s assumption T, = 0 is inappropriate: linear bias on C§Z

v The optimal pivot temperature T, is in fact the one that cancels out
the linear bias:

(Tey2> _ C?;eyly
¥ )

y?-weighted average temperature
(scale-dependent!)

Remazeilles, Bolliet, Rotti, Chluba (2018)

([(Te — Te)y]{’m y2m> =0 = Te —




Relevant average cluster temperature
for SZ power spectrum analysis
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Mapping out cluster temperatures from data

— — — aY(V, Te — Te) — — — —
dv,0) =YW, T, =T.) y(6;T.) + 3T (Te(0) — Te)y(6;Te) + N(v,0)
- ’  — e - ’ _
energy spectrum  fluctuations N ~ z (6 T ) foregrounds

of first component of first energy spectrum Ve + noise

component ~ ©f second component fluctuations
of second component

« Weighted linear combination of frequency data ("Constrained-ILC”: Remazeilles et al 2011):
((22) = wt (dd') w minimum

, , (V)Y (v, T,)/dT, = 1
2(6;T,) = Z w(v)d(v,8) suchthat Z,: m vte)

Z w) Y(v, T,) = 0
L v

Yt cyyor,vic-t —(ar, vic-y)ytc1
(@r,YtC~1ar,Y)(YIC-1Y) —(dr,YIC~1Y)?2

« Analytic solution: wt = (C =(ddt) ) yields to:

2(6;T,.) = (T.(8) —T.) y(6;T,) + W' N

Map of cluster temperatures over the sky: (T.(6) — T.)y(6)

Remazelilles et al, in prep.



Mapping out cluster temperatures from data

— — — aY(V, Te — Te) — — — —
dv,0) =YW, T, =T.) y(6;T.) + 3T (Te(0) — Te)y(6;Te) + N(v,0)
- :  — e N : _
energy spectrum  fluctuations " ~ Z(ﬁ T ) foregrounds

of first component of first energy spectrum Vo e + noise

component ~ ©f second component fluctuations
of second component

« Weighted linear combination of frequency data ("Constrained-ILC”: Remazeilles et al 2011):
((22) = wt (dd®) w minimum

B (v)dY(v,T,)/0T, =0
y(6;T,) = 2 w(v)d(v,8) suchthat < Zv: Y vte)

2 w) YO, T,) = 1

\

¢ (o Yticlor vyvtet —(v'c-yyar, vic 1
(@r,YtC~1ar,Y)(YIC-1Y) —(dr,YIC~1Y)?2

 Analytic solution: w (C = (dd")) vyields to:

57(5; Te) = y(ﬁ; T, +w!'N

Map of Compton-y parameter over the sky: y(6)

Remazelilles et al, in prep.



Mapping out cluster temperatures from data

1. First approach:

« Cross-power spectrum between the y-map and the yT .-map:

C'eY = (yTe,y)
« Auto-power spectrum of the y-map:

Cr”” = (lyl*)
. Teyz CTe}"y
. Ratio: T (¢) = ! (y2>> -

2. Second approach: Analogy with lensing

« CMB lensing:
TOobs ~ Ttrue 4 yo yTtrue
Lensing field (quadratic estimator):
D(L) = [d?*¢ K(L, £)TPS(£) TOPS(L — ¢)
« Suppose we have reconstructed the sum of the y- and yT .-maps:
yobs ~ ytrue +T, ytrue
Temperature field (quadratic estimator):
To(L) = [ d22W(L,£)y°s(£) y°bs (L — ¢)

Remazeilles et al, in prep.



Conclusions

Planck’s Compton-y signal (power spectrum and cluster counts), hence oy,
might have been underestimated by neglecting relativistic SZ effects

Accounting for relativistic corrections to thermal SZ effect with kT, ~ 5 keV
could alleviate the Planck tension on og by about one-sigma

The relevant average temperature of clusters for SZ power spectrum
analysis is y?-weighted and scale-dependent with kT, =~ 5-9 keV in the
range of multipoles ¢ ~ 102-103 relevant to Planck

We expect similar corrections from SZ cluster number count analysis
Rotti et al, in prep.

It is time to include relativistic temperature corrections in the processing of
current and future sensitive SZ data.

Thank you!
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Relativistic SZ vs Planck sensitivities
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Relativistic SZ formulas

AIS%(v,0) =Y(v,T,) y(6;T,)

« Taylor expansion around kT, = 0 keV — [toh et al 1998 ; Challinor & Lasenby 1998:

kT, kT ,\* R
+Y,(v) (W) + ... |y(6;T,)

A% (v,0) ~ ( Yo(v) +Y,(v) 3

But this expansion does not converge properly for hot clusters (kT, > 5 keV)
and it is known that galaxy clusters have kT, = (kT,) =~ 5 keV

* Moment expansion around kT, # 0 keV from SzZpack — Chluba et al 2012

Allows expansion of Y(v,T,) around e.g. kT, = 5 keV (or any kT, value):

oY(v, T, =T,)
T,

AP%(v,0) ~ (Y(v, T,=T,)+ (T,—T,) -+ ) y(6;T,)



Moment vs Itoh's expansion: T, = 5 keV
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Moment vs Itoh's expansion: T, = 5 keV
(15¢ order)
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Moment vs Itoh’'s expansion: T, = 10 keV
(15¢ order)
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Moment vs Itoh’'s expansion: T, = 10 keV
(4" order)
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Moment vs Itoh’'s expansion: T, = 20 keV
(4t" order)
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