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Overview

- CMB monopole fluctuations
- Current measurements of the monopole temperature
- New things we can do

- Primordial mass spectrum

- Peculiar velocities with quasar absorption lines
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CMB monopole temperature
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T(x) =T/[1+ 0y(x))

- X Is a position in the universe, n is a direction on
the sky from that position

- Penzias and Wilson 1964 measured
T (XCprawford Hill, NJ) = 3.5 % 1.0 [K]

- McKellar 1941 measured
I'(XA distant molecular cloud) = 2.3 [K]

- Using CN stellar absorption lines of { Ophiuchi

- The absorption depth depends on the spin
temperature, for the right molecules this is
CMB dominated
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INTERSTELLAR LINES

ey el Hea e seperposed—upon—steHer—tres; H) ¢ Ophiuchi, positive re-
production of stellar and comparison spectra, with photometric tracings. Two lines of CH are shown, \ 3886
and\ 3890; also A 3874.6 and a trace of \ 3874.0, both probably CN.
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W.S. Adams 1941 (Coudé spectrograph of the Mount Wilson Observatory)



CMB monopole temperature
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- Ty is the average temperature of the universe

over all positions

- Often monopole fluctuations are called
unobservable due to having only one measure of
the monopole, this is not true we have many

measurements so they are observable!
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el TOPETSPE o : sperposea—upon—stedar-tmes; ) ¢ Ophiuchi, positive re-
production of stellar and comparison spectra, with photometric tracings. Two lines of CH are shown, \ 3886

and\ 3890; also A 3874.6 and a trace of \ 3874.0, both probably CN.
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W.S. Adams 1941 (Coudé spectrograph of the Mount Wilson Observatory)
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Current measurements 7.(z) =T,(1 +2)

COBE/FIRAS T (x) = 2.72548 = 0.00057 [K]

In an adiabatic universe, the temperature has a
very simple relation with redshift

- The universe cools down (Tolman 1934)

Decaying dark energy would change this (Lima
et al. 2000)

- Would mean f# 0

- /=0.010£0.013 (Klimenko et al. 2020)

SZ + molecules gives an independent measure
of the monopole temperature!

- TO’}, = 2.719 £ 0.009 [K] (Klimenko et al. 2020)

- On the order of 100s of SZ clusters and 10s
molecular absorption systems (Saro et al. 2014
Planck clusters, Muller et al. 2013 CN, Li et al.
2021 ACT clusters, and many others)
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Photon energy density fluctuations
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- We can measure the CMB temperature elsewhere :"
’:' Atz =1

- Therefore we can measure the photon energy density _ '
I
[/

elsewhere

- Sensitive to the spectrum of primordial density perturbations
therefore gives new cosmological information

- For gauge issues see:
- Zibin & Scott 2008

- Baumgartner & Yoo 2021

T(x) =T(+0yx) p,=al,

10114

p,(X)
6},(X) - — — 1 4®O(X)

p}/ 10-12 4+
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k [h/Mpc]
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Adding the monopole

- CMB low multipoles are dominated by cosmic variance 6000fp" ~ ¢ - b b
- We can not measure the monopole fluctuations with normal 5000 E
analyses
> 5 4000
- The rms of the monopole fluctuations is /03 ~ 1.15- 10~ Vs !
assuming Planck 2018 ACDM (Baumgartner & Yoo 2021, _i" 3000 k-
although they don’t understand that it is directly measurable) =. i
S 2000
- Although this &, is defined so that the monopole variance is E
zero.... * 1000 :—\.
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Sunyaev-Zel'dovich effect

'_I—' 10.0000E e
- The thermal SZ is the spectral distortion of the Tm 1.0000 ¢ -
CMB as they are reflected by the hot electron gas CLI\j 0.1000 5
inside galaxy clusters e
Z. 0.0100
- The reflected spectrum depends on the CMB ©
temperature! o 0.0010 —
N B revr———
- Unlike the absorption lines, the SZ signal is = 0.0001 "'
L. . 1 10 100 1000
sensitive to redshifted temperature 1, ., NOt v [GHZ]
the absolute CMB temperature T o
5|
- Therefore no peculiar velocity effects 1k
1 -
N C
- Except doppler beaming but that’s order IE :
~ 107 -
® :
T —=1F
O 5
} _2 o |_ Difference of the two spectra | | — J:
<
1 10 100 1000

v [GHz]
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Preliminary P(k) forecasts Rt
|"Y | { or,=1073[K
~ -4 1K)
10-8.- + O'Ty ~ 10 _K_
- We can estimate the precision at which the photon energy :
density power spectrum may be reconstructed
L APKR) =— (P + 0} )
Ny y 1079 -
R ]
- N, ~ 27k*AkV is the number of independent modes S
measurable for each Kk mode, where V is the survey volume t0>
~N~—
- 07 is the measurement variance 10719+
/4
- Consider a cluster survey which extends to a redshift z = 2
with 100,000 galaxy clusters
_ 10—11_
- Unable to access small scales due to the sparse sampling of ]
the survey volume
- We need a precision on the remote CMB monopole of < 1073 to
make power spectrum measurements 10-12 | LI iiidl | 111 L
1074 1073 1072

k [h/Mpc]
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Quasar absorption lines

- Considering a molecular cloud in interstellar space

- An incident radiation field (the CMB, which is dominant for certain transitions) will excite
molecules to higher energy states

- Lines are redshifted but the proportion of molecules in each state will depend on the
CMB temperature

n
u _ Su ,—(E~E)kT,

H 8

- Various molecules can be used CO, CN CI,... (J. Bahcall and R. Wolf 1968 provide a detailed
overview)
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Observed quasar
spectra, with
absorption lines

>
|




- Consider the observed position of a source S,

Peculiar velocity effects  .-..:..
T}/(Z) p— T}/,O(l _|_ Z) - \;Vof;re];enz its tthhe unpertur‘b:dépos:;ion, I;ish.iic:epun::t vgct.or

— T L) |
T}/(S) — T}/(X) + 5ZE(Z)T%O _ For peculiar velocitie &NE? with scale factor a and line-

® The observer
CMB

\ \w N\> =
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- Consider the observed position of a source S,

Peculiar velocity effects

T T - Where X is the unperturbed position, nis the unit vector
T(2)=T,,1+ 2)
2/( 7,0

pointing to the source and 0z is the redshift perturbation

C
- S=X+—0zn
H

T}/(S) — T}/(X) + EZE(Z) T}/,O - For peculiar velocities, 0z ~ lﬂ, with scale factor a and line-

a c
of-sight velocity V|

® The observer

CMB temperature T(2) Peculiar velocity field T (2) — T, (2)

L
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where A = — le(Z)E(Z)

TR T T

(0y(k, 2Oy 2)) = % (5,8,)+ ‘f <5m5y> ) + of
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Conclusions

- CMB monopole fluctuations are measurable (but very small) and could constrain the primordial density field
- Preliminary forecast using an SZ survey

- Molecular cloud measurements allow peculiar velocity measurements

CMB temperature T,(2)

Ty(z) - 7--y(z)
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