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Lets start with an very old slide on the hidden secondaries

Primary CMB ONLY
Un-filtered

Primary CMB +
Some secondaries

4 arc-min filter

Primary CMB + hundreds of
SZ sources (galaxy clusters)

Primary CMB
+ secondaries

10 arc-sec filter .
2 arc-min

Correlations in each object :
Poisson C;

Correlation between objects :

Clustering C, subha @ TIFR




The 3 main goals of future CMB research

1. Search for primordial B-mode (Ground/Space)

2. Early Universe Spectral Distortions (Space)

3. Secondary CMB anisotropies (Ground/Space)

mainly thermal Sunyaev-Zel’dovich (SZ) effect

kinetic Sunyaev-Zel’dovich (SZ) effect
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Scattering of photons by non-thermal electrons

1. For scattering with relativistic electrons with Lorentz factor y, an electron of energy ¢ get boosted to y*¢

2. In this case, the spectral distortion is a function of the electron energy distribution

3. The CMB spectrumis [,(x) = 2(1(BTCMB)3 x = Iyl (x) where x = —¥
. A = (he)?  e* — 1 — 104\ ks Tcms
4. The CMB distortion is Al(x) =((x)—ix)T = yg(x).

This equation can be recast in the form, to include a y-parameter (as before)

Forus  Alnt(x) = ynrgnr(X),

- We need the electron pressure to calculate y
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The non-thermal distortion spectrum

5. The pressure from relativistic electrons is

|
Pc = "c/dl’fc(l’)gpv([’)mcc ( Here, P =/ ()’2 - 1), )

6. The number of CMB photons up-scattered is given by
(kg Temp)® x*dx’

N(x'— = P(t, 2
(x'—>x)= P, p) x hey? e’ —1

=3|(1 =1)| 3+ 3+3p°+p*  3+2p°

1 + (10 + 8p* + 4p*)t + 12 2arcsinh p — |Int]) | .
325 [1+(0+8p"+4p' ) +17]+ 8p° i T ( p—|Int))

P(t,p) =

The total number of photons are conserved, so integral P(t,p)dt =1

7. The up-scattered photon spectrum, in the frequency bin (x, x+Ax) is given by

[ [ )PP, p) X

jx) =
Ax
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Non-thermal SZ -vs- Thermal SZ

Frequency [GHz]
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Bottomline - we can measure nth-SZ with precision ...
(i.e we can jointly fit for o, and p,;,)

25
TN 2
=
=15
NVJ
-
% 05
S
=
X
X 05
<

i

=

L ' 1 y-distortion -------
E_n [ 1 1 I 1 I I'SZ (5 kCV) ...... “
W40 4 i, wdistortion - - - o
ZU R T O i . +ve AT/T
Ene i SRR S [ -ve AT/T
U I T T’ " iNon-thermal
oo 1 ,'o'o [ 1 &)
AT l,:' 1 | I ‘I: .
T o aeae, Ll ' L

' ' " ' ALl .:::Ill LN

"Xl Y ' [ i ik oy =~ e
4 M [ ' ' ‘
FIlEg-) T [ [ I 3
Ee ,1' [ [ ' 1 3
E 11 !.‘_'y oo [ |

200 400 600 800 1000
frequency (GHz)

Al = Al + Al, + Alksz + Alsz + Alnr

Intensity (mJ y/arcmin%

—
OI

p—
Ol
w

4

//. ————— N
S sh ]
ol e
7 2
7/—'7
—— SO noise
-++-+ CMB-HD noise -
e A ADE: =
min /.'
._._AI/Aocp B
----- ALMA noise _",/"’
100
Frequency (GHz)

1000

subha @ TIFR




So now we have a unique non-thermal SZ spectrum...

Spectrum can explicitly tell us about energy slope a, and energy

cutoff p.,i,
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So now we have unique non-thermal SZ spectrum...

Spectrum can explicitly tell us about energy slope o, and energy

cutoff p,i.

We now need a source.
A) Clusters have thermal and kinetic SZ. What about
non-thermal SZ from clusters?
Bad idea: Thermal SZ highly dominates

subha @ TIFR




So now we have unique non-thermal SZ spectrum...

Spectrum can explicitly tell us about energy slope o, and energy

cutoff p,i.

We now need a source.

A) Clusters have thermal and kinetic SZ. What about
non-thermal SZ?
Bad idea: Thermal SZ highly dominates

B) Giant radio cocoons/lobes
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The first observed CMB distortion from a Radio Lobe
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The first observed CMB distortion from a Radio Lobe

Declination (J2000)
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Other than SZ, this source, of course, has an observed radio luminosity
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Radio Luminosity and Non-thermal SZ

from a radio lobe
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Radio Luminosity and Non-thermal SZ
from a radio lobe

We can model

Leahy & Williams 1984
Reynolds & Begelman 1997
Kaiser etal 1997
Kaiser & Alexander 1997
Nath 2010
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So, here is a radio galaxy
with its lobes/cocoon

Our model has to give its
evolution in size, pressure, luminosity.
And match with observations
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A cartoon for RG modeling

hotspot _ ,
Observationally, for most long lived

Axial ratio is roughly 2.

One can show this in theory as well

The non-thermal plasma
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We can model

Leahy & Williams 1984
Reynolds & Begelman 1997
Kaiser etal 1997
Kaiser & Alexander 1997
Nath 2010

The same population non-thermal electrons scatter CMB to give CMB distortion and
emit synchrotron radiation .
The electrons have power law distribution n(y;, ) = noyl_a”dyi with some low energy cutoff

The electrons loose energy doing pdV work, synchrotron and Compton cooling etc

The magnetic field energy and electron energy densities are partitioned [f(a,)]
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The coupled RG evolution...

(Luminosity, CMB distortion and Number density)

For finite Jet lifetime
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Low energy electrons are important and survives
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We have radio lobe tracks in the L; — y\r plane
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EACH TRACK IS FOR DEFINITE SIZE OF THE RADIO LOBE FOR PARTICULAT a, AND p i,

The additional info from CMB unique fixes the radio lobe model!
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“Why, sometimes I've believed as many as six impossible things before breakfast.”

- Lewis Carroll, Alice in Wonderland

Sometimes, they might even work out!


https://www.goodreads.com/work/quotes/2933712

The many paths to Hubble Constant
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H, without distance ladder — using galaxy clusters ( 1978+)
Need both SZ + Xray observations (+ temperature)

Under certain assumptions (like sphericity, smooth profile, etc), observing the same cluster in SZ and X-Ray

AT T oc KgnTdl

SXROCC;L;dlocn
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Fast forward to 2022

Lets try to get Hubble with radio bubble |



Back of the envelope calculation-
Given o, and p,i, (spectral shape will give this)

— 3 _ap
L o o L
Radio synchrotron power: P, = 62’7 ¢ Ug an(yy)V = e MoTC UBy ” vy —> P = 36'100'TC(

1 +a 3
y p)Ue?’

4

U, = nomecz [ f (7 - l)y_apd‘}’]

— |P, ngLi.
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Back of the envelope calculation -

Given o, and p,i, (spectral shape will give this)

1 g 1 oo L; L+apy ¥,
Radio synchrotron power: P, ~ —orcUp—=n(y,)V = —nyor cUp—~—V P, = %"OGTC( 4 )Ue v
61 v 67 v

U, = nomecz [ f (7 - 1)7_apd7]
—> |P, x ngLi.

3 . 1+a,)
nth-SZ distortion pe = U (L=D[(1+a},)/4] = nom.c [f(?’—l)‘}’ pd)’](rc—l) 2
g
Avr(x) = yxrgnr(d) = — X pe X 2Ly X gnt(¥)

e

l1+a,
4

X 2LJ X gnt!

= il f Gy = Dy @ dy|(T, - 1)
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Back of the envelope calculation -

Given o, and p,i, (spectral shape will give this)

- 3 3-ap
: 1 3 1 M _L L+, v
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Size estimate for the only radio lobe with measured L; & SZ

Observed:
Radio power & SZ distortion

Possible redshift: z=0.3

— — — Malu radio power (2arcmin)
Malu radio power (4 arcmin)

Observed region: 2 arc-min
Better resolution data needed

[S53
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a, = 3.2 (from radio spectral index at
2.1 and 9 GHz)
Pmin = 3+ (ICS into x-ray)
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Estimated physical size:
approx 1000 *3%9 ., Kpc
(error from uncertainty in LR)
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d, with clusters vs single d, from radio lobe

o Hydrostatic equilibrium model (Fig. 3) 1 i
| Isothermal B model (100 kpc removed) i
Isothermal § model
AN i
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A single new estimate of H,

BOSS-EFT + SNIa + CMB Lens. (2020) -
eBOSS/BOSS BAO + BBN (2020)
BOSS-EFT+ BAO + BBN (2020) A
DES-Y1 3x2pt + BAO + BBN (2018) A
WMAP9 TT/TE/EE (2013) 1

ACT DR4 + WMAP9 TT/TE/EE (2020) -
Plank TT/TE/EE + CMB Lens. (2018) -

Indirect

D,(Gpc)

Cosmicflows-4 Tully-Fisher (2020) 1

Mira cal. of SNIa (2020) -

SBF cal. of SNIa (2020)

Megamaseres W/ Vpec corr. (2020)
TDCOSMO (2020)

CCHP cal. of SHIa (2020)

SHOES cal. of SNIa (2019) -

Megamasers -

TRGB A

Cepheids -

Lensing time delays

Gravitation wave sirens A

SZ+radio, Radio galaxy cocoon (New, single source) 1
SZ+XR Clusters, Wan et al. (2021)
Kozmanyan et al. (2019) -

SZ+XR Clusters, Bonamente et al. (2006)
SZ+XR Clusters, Jones et al. (2005)
SZ+XR Clusters, Schmidt et al (2004) A
SZ+XR Clusters, Reese et al. (2002) -

0.5

Hydrostatic equilibrium model (Fig. 3)
L Isothermal g model (100 kpc removed)

Isothermal g model

be
\

Distance ladder

No distance ladder

SZ+XR Clusters, Mason et al. (2001) -

0.2

Redshift

This is just a proof of concept !

We need better data
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Dark Energy probes with d,(z) —an immediate list

source 4 angular size size Flux YNT ty flux (uK-arcmin) | flux (uK-arcmin)

arcsec (major axis) | kpc mlJy yr (150 GHz) (280 GHz)
CGCG 186-048 0.063 388 485 1 2x 107 | 5x 107 399 (630) 6.1 (1.60)
B2 1158+35 0.55 70 462 1.3 2x107* | 5% 107 130 (210) 20 (0.507)
3C 270 0.0075 577 93 113 1x107° 10’ 441 (700°) 68 (1.8 o)
87GB 121815.5+.. 0.2 924 3141 0.43 131073 108 1131 (1800) 174 (4.70)
3C 274.1 0.422 89 508 30 6x107* | 5x 107 630 (1000) 174 (2.60)
4C +69.15 0.106 822 1646 26 1x107* | 5x 10’ 8956 (14210°) 1378 (370)
3C 292 0.71 64 473 16 8x 107 | 5x 107 434 (690) 67 (1.80)
B2 1358+30C 0.206 408 1421 0.28 2x 1073 108 441 (700) 68 (1.80)
3C 294 1.779 29 253 2 4x1074 107 45 (70) 7 (0.2 o)
PKS 1514400 0.052 519 543 480 5x107% | 5x107 | 17851 (28330) 2746 (7407)
GB1 15194512 0.37 312 1646 22 3Ix 104 108 3871 (6140) 595 (160°)
3C 326 0.0895 684 1177 22 1074 108 6201 (9840) 954 (260)
7C 160243739 0.814 100 778 0.33 1074 5x 107 132 (210) 20 (0.50)
MRK 1498 0.0547 583 639 15 2x107* | 5% 107 9010 (14300°) 1386 (370)
B3 1636+418 0.867 57 452 16 1074 5x 107 43 (6.80) 7 (0.207)
Hercules A 0.154 200 551 253 9x 1074 | 5% 107 4772 (7500°) 734 (200°)
B3 17014423 0.476 120 735 1.1 1074 5% 107 191 (300) 29 (0.80)
4C 34.47 0.206 92 320 9.5 3x 107 | 5% 107 337 (530) 52 (1.507)
87GB 183438.3+.. 0.5194 69 443 3.9 3x107* | 5% 107 190 (300) 29 (0.80)
4C +74.26 0.104 773 1522 94 3x107* | 5x107 | 23760 (37710) 3655 (990°)
RGO1 (Malu et al. 2017) 0.3 240 1100 | 7x 107 2700 108 534 (850°) 82.2 (2.20)




Many other interesting science with nth-SZ...
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It will be important to subtract this signal if one has to use all

the promise of the u-distortion to probe early Universe physics
(a holy grail of future CMB)
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Additional slides...



