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Thermal Sunyaev-Zeldovich (SZ) Effect

Zeldovich & Sunyaev 1969
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Spectroscopy of clusters across frequencies
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Relativistic SZ effect (rSZ):
Temperature corrections to thermal SZ effect

Galaxy clusters are massive, so they are hot Arnaud et al,
2/3  A&A 20056
Ms
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Thermal velocities of electrons approach the speed of light

vt = \[2kT,/m, = 0.1c

Relativistic temperature corrections to the thermal SZ effect
should be accounted for

Pt(v, i) = f(v, T (1)) y ()

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



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



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

« Assuming the non-relativistic SED f(v,T. = 0) underestimates the Compton-y parameter




Impact on cluster pressure profiles
of neglecting relativistic SZ corrections
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Planck tension on agg between CMB and SZ

1).8le Planck 2013 results XX ‘ * Incompleteness of ACDM model?
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4 « Miscalibrated Planck SZ analysis because of
{ neglecting relativistic corrections?
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The Planck SZ Compton y-map

Non-relativistic approximation f (v, T, = 0) for component separation

Southern Northern

galaxy clusters

Planck 2015 results XXII, A&A (2016)



Revisiting the Planck SZ Compton y-map

Remazeilles, Bolliet, Rotti, Chluba, MNRAS (2019)
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Relativistic temperature corrections
to the Planck SZ power spectrum

Remazeilles, Bolliet, Rotti, Chluba, MNRAS 2019
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Mapping relativistic electron temperatures?
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Relativistic SZ temperature corrections

L% = f(, Te(0) y(i)

—— kT =0 keV (non-relativistic)
0.15{ —— kT =5 keV
—— kT, =10 keV
010/ — KTe=15keV
Relativistic electron temperatures
0.05° distort the shape of the SZ spectrum
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“First SZ revolution:
The Planck Compton y-map

Southern Northern

Planck 2015 results XXII, A&A (2016)



“Second SZ revolution”;
The electron temperature T,-map ?

Southern Northern

keV



Relativistic SZ temperature corrections
L% =f, T.(M) y(@)
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The spectral signature of SZ emission from galaxy clusters
changes with the local electron gas temperature



Relativistic SZ temperature corrections
L% =f, T.(M) y(@)

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



The y-T, degeneracy at low frequency
L% = f, T.(0) y(D)

—— kT =0 keV (non-relativistic)
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Spectral shapes are degenerate
at low frequency
(impossible to disentangle y and T )



The y-T, degeneracy at low frequency
L% = f, T.(M) y(i)
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Spectral shapes are degenerate
at low frequency
(impossible to disentangle y and T )



PICO in Brief arXiv:1902.10541

e Millimeter/submillimeter-wave, polarimetric
survey of the entire sky

e 21 bands between 20 GHz and 800 GHz

e 1.4 m aperture telescope

e Diffraction limited resolution: 38" to 1’

e 13,000 transition edge sensor bolometers

e 5 year survey from L2

e 0.87 uK*arcmin requirement; 0.61 uK*arcmin

goal (=CBE)

https://z.umn.edu/cmbprobe cmbprobe@lists.physics.umn.edu




Foreground-obscured sky simulations
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Chluba, Nagai, Sazonovy,

rSZ maps (20 - 800 GHz): I/S2() = f(v,T.(1))y (M) Nejson MNRAS 2012

rSZ, kSZ, CMB, CIB,
Galactic foregrounds
(dust, synchrotron,
AME, free-free),
noise

PICO sky maps
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Component Separation

How to disentangle the y and T, observables
of the rSZ effect in sky observations?



SZ temperature moment expansion

LA@) = f(v, T (1)) y(@)

Remazeilles & Chluba, MNRAS (2020)



SZ temperature moment expansion

LA@) = f(v, T.(n)) y(n)
Taylor expansion around pivot temperature T,

of (v, T,)
aT,

@) = f(v,T.) y@) + (Te(@) — Te)ym) + O(Te)

Remazeilles & Chluba, MNRAS (2020)



SZ temperature moment expansion

LEm) = f(v, T (1)) y(7)

Taylor expansion around pivot temperature T,

ofwv,Te) . . =
I (n) —f(v Te) y@) + — — (T() — T)y@) + O(T?)
. ——’ e ’ D
Spectrum of y ~ v — yAT,
y component Spect;um of component
Yie

Remazeilles & Chluba, MNRAS (2020)



SZ temperature moment expansion

LEm) = f(v, T (1)) y(7)

Taylor expansion around pivot temperature T,

I*(n) —f(v Te) y(n) + 37 — (Te(M) — T)y@) + O(T?)
—— € . _
Spectrum of y ~ v —~ yAT,
y component  Spectrum of component

o
Two distinct components of emission, y and yAT,,,

with different spectral signatures!

Remazeilles & Chluba, MNRAS (2020)



Two spectral components of the rSZ effect
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It is possible in principle to disentangle y and yAT . through
multi-frequency observations and component separation methods



rSZ component separation

—N\ — — af(v’ Te) — p— — —
div,n) = f(v,Te) y(m) + —— (Te(n) — Te)y(n) + N(v,n)
- R e — _ — _
spe}clt(r%/y? of ye) ;pect; — ojf AT, (7) forf%r(c))iggds
yAT (1)

Remazeilles & Chluba, MNRAS 2020



rSZ component separation

f(v' T ) —> P —> —
AW, 1) = f,Te) Yy + === (Te@) = Ty@ + N(v,7)
. ——r € — — —_—————
spe)c,t(CLl/y? of y(1) spect;um of yAT () forfglyqr(c))ig/;ds
yAT (1)

Component separation with the Constrained ILC method (Remazeilles et al MNRAS 2011)

<(yAT )2> of minimum variance

z win IO T

D W) f,T) =0

yAT, (i) = zw(v) d(v,7) suchthat <

\

Remazeilles & Chluba, MNRAS 2020



rSZ component separation

f(v’ T ) —> P —> —
AW, ) = f0,Te) YO + =7 (Te(@) — Ty@) + N,
y —— e N _ - . _
spe}clt(r;/y? of y(1) spectrum of yAT () forf%r(c))iggds
yATo(7)

Component separation with the Constrained ILC method (Remazeilles et al MNRAS 2011)

<(yAT )2> of minimum variance

z W) af (V Te) _

D W) f(,T) = 0

yAT, (N) = z w()d(v,n) such that

\

Guarantees the conservation of the signal of interest yAT,,

Remazeilles & Chluba, MNRAS 2020



rSZ component separation

f(v’ T ) —> P —> —
AW, ) = f0,Te) YO + =7 (Te(@) — Ty@) + N,
y —— e N . _ - _
spe}clt(r;/y? of y(1) spectrum of yAT () forf%r(c))iggds
yATo(7)

Component separation with the Constrained ILC method (Remazeilles et al MNRAS 2011)

<(yAT )2> of minimum variance

z W) af (V Te) _

D W) f(,T) = 0

yAT, (N) = z w(v)d(v,n) suchthat -«

Guarantees the cancellation of y residuals in the yAT . map

Remazeilles & Chluba, MNRAS 2020



rSZ component separation

A7) = f,To) Y@ + = (Te() - Ty@) + N(v, i)
N y N e N . _ N _
spe}clt(r%/y? of ye) Tspect'rum oJf AT, (7) forf%r(c))iggds

yAT (1)

Component separation with the Constrained ILC method (Remazeilles et al MNRAS 2011)

<(yATe)2> of minimum variance

yAT, (N) = z w(v)d(v,n) such that
v

D W) f(,T) = 0
L v

Guarantees the mitigation of foregrounds and noise

Remazeilles & Chluba, MNRAS 2020



rSZ component separation

f(v' T ) —> P —> —
AW, 1) = f,Te) Yy + === (Te@) = Ty@ + N(v,7)
. ——r € — — —_—————
spe}c,t(CLl/y? of y(1) spect;um of yAT () forfg,]?rcc))ig/;ds
yAT (1)

Component separation with the Constrained ILC method (Remazeilles et al MNRAS 2011)

yAT, (i) = zw(v) d(v,7) suchthat <

Z w(v) f(v,Te) = 0
\ L4
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Remazeilles & Chluba, MNRAS 2020



rSZ component separation

af (v, T.) T -
dv,m) = fv,Te) y@) + =5 (Te@) ~ Ty + N(v,m)
. —— c ~ _ ~— . _
t f = v ~ .
spec (I;I;I;TI of  y@) spectrum of yAT (%) forf%r;ggds

yAT (1)

Component separation with the Constrained ILC method (Remazeilles et al MNRAS 2011)

<(yAT )2> of minimum variance

z win IO T

D W) f,T) =0

yAT, (i) = zw(v) d(v,7) suchthat <

\

= y/ATe(ﬁ) = (Wf)y(ﬁ)) + (w- aTef)(Te(ﬁ)) - Te) Y(n) +w-N

Remazeilles & Chluba, MNRAS 2020



rSZ component separation

af (v, T.) T -
dv,m) = fv,Te) y@) + =5 (Te@) ~ Ty + N(v,m)
. —— e ~— _ ~— . _
t f = v ~ .
spec (I;I;I;TI of  y@) spectrum of yAT (%) forfglyqr(c))iggds

yAT (1)

Component separation with the Constrained ILC method (Remazeilles et al MNRAS 2011)

<(yAT )2> of minimum variance

Z W) af (V Te) _

D W) f,T) =0

yAT, (i) = zw(v) d(v,7) suchthat <
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= yAT (1) = (%- y@ + w07 H(Te@) —Te) y) +w- N minimised
— — 1

=0 =1 Remazeilles & Chluba, MNRAS 2020




rSZ component separation

af (v, T.) T -
dv,m) = fv,Te) y@) + =5 (Te@) ~ Ty + N(v,m)
. —— e ~— _ ~— . _
t f = v ~ .
spec (I;I;I;TI of  y@) spectrum of yAT (%) forf%r(c))iggds

yAT (1)

Component separation with the Constrained ILC method (Remazeilles et al MNRAS 2011)

<(yAT )2> of minimum variance

Z W) af (V Te) _

D W) f,T) =0

yAT, (i) = zw(v) d(v,7) suchthat <

\

= yAT (1) = (T.(M) - Te) ym) +w-N  T.-modulated y-map!

Remazeilles & Chluba, MNRAS 2020



Why is this new SZ observable so interesting?

yATe (ﬁ)) = y(ﬁ) (Te (ﬁ)) R Te)

Changing the pivot temperature T, in the analysis allows us
to conduct a real temperature spectroscopy of the cluster:

- Decrement if actual temperature T,(n) < T,

* Increment if actual temperature T.(n) > T,

 Null if actual temperature To(n) =~ T,

Remazeilles & Chluba, MNRAS 2020
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Cluster spectroscopy across temperature

T. = 10 keV

Remazeilles & Chluba, MNRAS 2020



Cluster spectroscopy across temperature

‘Reconstructed y(T. — Te)
* - ! N -

. 4 0™ -
W . J ‘.:
- )
. C . I i £ i - ;n.
oma 4 - T
" _ - " T, = 7 keV
.o
|y # -
o » 4 4
© o T=TkeV
R - r{ .
= : ',“" E #‘ .
. _ e
-5.0 -1.67 1.67 5.0

x10™ysz - keV
Remazeilles & Chluba, MNRAS 2020



Cluster spectroscopy across temperature

.Reconstructed y(Te—=Te)

o, g
» Coma . g T, = 5 keV
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“First SZ revolution’:
cluster spectroscopy across frequency
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“Second SZ revolution”:
cluster spectroscopy across temperature

Recovered y(T, — T.)-map for different pivots
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Full-sky temperature spectroscopy

Reconstructed y(Te — T.)
2 Te=10keV @i

=
2.0 -0.67 0.67 2.0
X107 ysz - keV

Remazeilles & Chluba, MNRAS 2020



Full-sky temperature spectroscopy
Reconstructed y(7, — T.)

I
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Remazeilles & Chluba, MNRAS 2020



Full-sky temperature spectroscopy

Reconstructed y(7, — T.)
T.=5keV

B
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Remazeilles & Chluba, MNRAS 2020



Reconstructed rSZ components

Yy yATe — y(Te o Te)
Reconstructed y a,Kéonsfructeﬂ y(”fé r'Te-}'
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Mapping the y and yT, components

y

Reconstructed y

. e
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Mapping the y and yT, components

HE S e
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Remazeilles & Chluba, MNRAS 2020



Mapping cluster temperatures T,
across the entire sky

( (yTe) (M) >|77L>—T_l)c|51’?500

(y(n) >|ﬁ—ﬁC|SR500

Tey |[Rs500] =

y-weighted average cluster temperature over R:(,

Remazeilles & Chluba, MNRAS 2020



Recovered electron temperatures T, of clusters
across the entire sky

Input 7,

—— Reconstructed 7. (mean)
121 s Reconstructed 7, (error)

Reconstructed T, for pivot T.=0

Reconstructed 7. [keV]
(00]

w/o foregrounds

4 5 6 7 8 9 10
Input 7% [keV]

The recovered rSZ temperatures offer a new proxy
for determining cluster masses without relying on X-rays

Remazeilles & Chluba, MNRAS 2020



Recovered electron temperatures T, of clusters
across the entire sky

Input 7,

—— Reconstructed 7. (mean)
121 s Reconstructed T (error)

Reconstructed 7. [keV]
oo

6 i
4 i
5 w/ foregrounds
0 . . . . .
4 5 6 7 8 9 10

Input 7% [keV]

The recovered rSZ temperatures offer a new proxy
for determining cluster masses without relying on X-rays

Remazeilles & Chluba, MNRAS 2020



Reconstructed cluster profiles
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Temperature profiles of clusters

(YTe) ()

y —
Tg (1) = ()

y-weighted temperature profile

Remazeilles & Chluba, MNRAS 2020



Reconstructed cluster temperature profile

141 —— Reconstructed temperature profile fg(r)

Input temperature profile 77 (r)
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Remazeilles & Chluba, MNRAS 2020



Electron temperature power spectrum

* YVTe
( (yTe)fm Yem ) . ng

TV (£) = —
) (Y{zm y;m> C{?’y

y“-weighted average temperature over the full sky across multipoles

Remazeilles, Bolliet, Rotti, Chluba MNRAS 2019
Remazeilles & Chluba, MNRAS 2020



Electron temperature power spectrum T.)” ()
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Input temperature 727(¢)
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T2” (¢£) provides a new map-based observable,
complementing the y-map power spectrum €,
to constrain cosmological parameters
Remazeilles & Chluba, MNRAS 2020



Electron temperature power spectrum T.)” ()
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to constrain cosmological parameters
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Classic SZ Compton-y power spectrum

| oYY
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Cosmology with the relativistic SZ effect

[ Two independent observables for future cluster cosmology ]

Electron-temperature T , power spectrum
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The shapes of the power spectra C),” and T3 (¥)
have different scaling with cosmological parameters!

Remazeilles et al MNRAS (2019)



Cosmology with the relativistic SZ effect

[ Breaking the og-b degeneracy? ]

halo mass function  Pressure

M profile
Zmax dV max dTl(M, Z)
c,” = j d f dM M, z)|?
¢ Zein ZdZdQ Moo dM |:V£’( | Z)|J
different scaling same scaling Ty Y(0) = i’_
with ag with mass biasb ~ — c;”
\ \ depends only on oy
max qy (Mmex dnMoz) e
cy7le = f d f AM ——=T (M) |y,(M, z)|?
4 . ZdZd.Q. M dM e( )lyf( Z)l

pressure

temperature-modulated _
profile

halo mass function

Remazeilles et al, MNRAS (2019)
Remazeilles & Chluba, MNRAS (2020)



Two independent map-based observables
for future cluster cosmology

v’ The shapes of the power spectra T.” (¥) and C}” have
different scaling with cosmological parameters

C,” depends on og and mass-bias b in a degenerate
form, while T2” (#) depends on ag4 but is insensitive to b

v T2 (£) will allow to break parameter degeneracies,

possibly alleviating some of the current tensions on
cosmological parameters



Conclusions

“* New component separation approach to disentangle the y and T, observables of the rSZ effect

“ High frequencies = 300 GHz are essential to break the y-T, degeneracy in rSZ measurements
PICO, LiteBIRD, “ESA Voyage 2050” missions would be of great value!

% A PICO-type mission would allow us to map rSZ temperatures of thousands of clusters across the entire sky,
thus offering a new proxy for determining cluster masses

% A PICO-type mission would allows us to reconstruct the temperature profiles of many individual clusters,
thus offering a deep understanding of the thermodynamics of clusters

% We may anticipate a “second SZ revolution” in the next decade:
v" Release of a “T,-map” along with the y-map
v" Cluster spectroscopy across temperatures

v’ The relativistic electron-temperature power spectrum T>” (#) will offer a new map-based observable,
complementing C}'y, to constrain cosmological parameters with clusters

Thank you.’
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Constrained moment ILC for rSZ

We actually impose additional constraints in the Constrained ILC in order to deproject the
kSZ (CMB) contamination and also remove bulk of the dust contamination:

p
<(yAT e)2> of minimum variance
2 w(v) aTeerZ(V, T, =1 rSZ: 15t-order moment
14
—_— — rSZ Al — S7: Oth- d t
yAT, (i) = 2 w(v) d(v, 1) such that | Z wv) [V, Te) = 0 f order momen
14
v
2 w(v) fEMBHESZ () = 0 kSZ, CMB
v
Z w) f9Y v, B, Ty) =0 dust: 0®'-order moment
\ 1%

w=eT(ATc14) 'c1a

A= [aTeerZ fI‘SZ fCMB+kSZ fdust] e = [1 000 O]T
Remazeilles & Chluba, MNRAS 2020
Remazeilles, Rotti, Chluba, MNRAS 2021



