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Frequency Spectrum of the CMB
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Thermalization Problem

How does one thermalize a distorted spectrum?
* Energy redistribution
* Photon creation/destruction

Freeze out redshift important! '~ H
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Constraints on Distortion Parameters

Distortion parameters:
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Full spectral analysis possible
with COSMOTHERM
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(Superconducting) cosmic strings

e Cosmological phase transitions may
source distribution of topological defects

o Defect network generically long-lived, Bl S
with possible direct EM couplings AN Eoaa

e Parameter space for strings effectively ' v
described by Gu ~ (n/My)* and Z

e [op-down probe of particle physics
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String networks

A few long strings expected per Hubble
volume, following a scaling distribution.

Collisions and self-intersections of long
strings seed a loop distribution with radii

LEM/GW () < L < Bt (B~ 0.1)

Energy leaves string network through small loops
decaying via gravitational waves/cusp annihilations.

Gu<10~° (CMB) Xv

Gu <10~ (PTA) (a)
Vllenkln and Shellard (2001)



Loop decay mechanisms

Substructure on loops decay 10-6 -
into GW (Pg = FgG.Uz)
and EM radiation (P, =T, 7u'/?)

(Dy ~ 100, T, ~ 10)
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Instantaneous emission spectra

dQNs B (ny> 72711/3

Oscillation averaged injection from a single loop:  gtaw = \ 3 ) ~5/3
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Tashiro et al. (2012)

Analytics - energy injection  Mivamoto and Nakayama (2013)

BC et al. (2023)
Energy injection is roughly constant in distortion window.
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Analvtics - energv+entropy injection
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Chluba (2015)

However, not all produced photons provide entropy to background.

Photon injection sources negative distortion (in pera): p = 1.401 (
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Analytics - energy+entropy injection
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COSMOTH ERM Chluba and Sunyaev (2012)

A fully numeric approach to solve for the evolution of the photon phase
space distribution

Y_clf)  clf) = Clfles + Clflsr + Clfloe + Clfls

dt
Input: A photon source term, heating term, or other general quantities
2 2
"Ny 4" Py A, ng, etc.
dwdt dwdt
Output:

* Exact computation of the photon spectrum on finely spaced redshift grid

» Complete evolution history of ionization fraction (X, )
* Rudimentary likelihood analysis to COBE/FIRAS, ARCADE datasets

* Forecasting capabilities to future spectral distortion experiments
* and more...



COSMOTHERM output

Rich spectral data can be observed not just in the CMB band, but also in
the radio and intermediary regimes.
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How good are the analytics?

Negative (entropy injection) distortion well approximated by analytics.

Extra constraining power from non-x, non-y type distortions.
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lonization history constraints
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Summary of constraints

— |onization History (Xe)
Optical Depth (1)

— COBE/FIRAS

— Radio Background
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PIXIE - Forecasting

10-6 4 — All CosmoTherm Output
PIXIE Forecast
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Pulsar Timing
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Conclusions
e Cosmic strings are a well-motivated top down probe of particle physics
capable of emitting strong bursts of GWs and EM radiation.

e \We have made improvements to the analytic and numeric
understandings of the spectral distortion signature from these loops.

e New and updated constraints derived from SDs, CMB anisotropies, 21-
cm signals, and the radio synchrotron background.

¢ COSMOTHERM analysis easily extended to other models (PBHs,
enhanced small scale perturbations, axions, etc.).

e Stay tuned: possible explanation of RSB from strings on the horizon...
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Particle Physics to Astrophysics Dictionary

M
v

Py = P,
L

Particle Physics

1.5 x 10?7 GeV?
10* GeV

3.0 x 1018 GeV?

2.4 x 103 Gev~!

SI

1.4 x 10'® kg/m

8.0 X 10° Amps

7.3 x 1032 Watts
4.7 x 1017 m

Astrophysics

208 My /pc

7.3 x 10°? erg/s
15.4 pc
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Photon production from strings

String loops can produce photons in a number of ways
e Cusp annihilations Vilenkin and Vachaspati: PRL (1987)

* Kinks Cai et al. 1205.3170
e Kink-Kink collisions

Cusp annihilations are strongest... what are they?

* Strings have intrinsic winding
* Antistrings are strings with opposite winding

! 3 )




Cusp annihilations

Once per loop oscillation time (7T =~ L), string develops luminal points
and doubles back on itself.

Explosive energy production in tight beam Q ~ (wL)™%/3

» Gravitational: P = Fg(G,u)Q/G /
* Electromagnetic: P, = FWI(G,M)UQ/GUQ l. 5 ©
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Analytics — Energy Injection

Case study — Radiation loops
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Analytics — Energy+Entropy

Effective pdistortion given by

Ap, 4 AN,Y)

1~ 1.401 (
Py 3 Ny

Analytic description breaks down in y-era, due to inefficient energy
redistribution. Numerical approach is necessary!

Each loop emits a spectrum of photons (averaged over oscillation time)

dst B (I‘,Y> T7211/3 1 (G,LL)3/2

dtdw ~ \ 3 ] w5/3 e G3/2 T3
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6Ty, (MK)

Soft photon heating and RSB
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