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Outline

« What is dark radiation?
« How do we isolate the effect of dark radiation on the CMB?

* Constraints with data
e Conclusions

Please come talk to me if
you want to know more! ©



CMB as a probe of Beyond Standard

Model
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What is meant by free-streaming?

 Neutrinos have no self-interaction
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What is meant by free-streaming?

 Neutrinos have no self-interaction

t =317,000.0 yrs, T = 0.28 eV
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Fluidlike Radiation

* Tightly coupled radiation with sufficient self-interaction

t = 0.0443 yrs, T = 940.0 eV

— CDM
1.75e-04 - Baryons
—— Photons
1.50e-04 - _
— Neutrinos
O 1.25e-04 - —— Fluid Radiation
E
o
o 1.00e-04
n
S 7.50e-05
=
5.00e-05 A
2.50e-05 A
0.00e+00 -+

0 SIO 160 1.'130 260 2.'ISO 300
Comoving Radius (Mpc)



Fluidlike Radiation

* Tightly coupled radiation with sufficient self-interaction

t = 308,000.0 yrs, T = 0.28 eV
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BSM Dark Radiation C =

Wy = W~y +wy +wpsm = wy |1 + C(Ngs + AN + ANgq) |
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BSM Dark Radiation C =

Wy = W~y +wy +wpsm = wy |1 + C(Ngs + AN + ANgq) |

See: 1306.1536, 1501.04097,
1505.03542, 1708.09406, etc. 10



How do we compute (dark) radiation’s
effect on the CMB?

Abundance: N, = Nt + ANgy + ANqyg

Composition: Jis = Wfs/wr

ACDM
Niot = Ngg = 3.044
AN =0, ANgg =0
fts ~ 0.41

—_—

=

—

- Background: Hubble

| Perturbations

=

(free-streaming
fraction)
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Two sets of variables to think in

Ntota ffs ) A]\ffsa A]\]ﬂd

Encodes Cosmology: Encodes new physics:
Abundance, composition changes both abundance
and composition
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Outline

 Intro to the CMB
 What is dark radiation?

- How do we isolate the effect of dark radiation on the CMB?
- Effects of Abundance (background)
 Effects of Composition (perturbations)
« Changing both

* Constraints with data
 Conclusions
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|solate effect of varying abundance

Fix the free-streaming fraction
Fix baryon density

Fix matter-radiation equality
Fix sound horizon

Fix damping scale

as~Lbh -~

/\
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Isolate effect of varying abundance A

1. Fix the free-streaming fraction
2. Fix baryon density 6000
3. Fix matter-radiation equality I |
4. Fix sound horizon B
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|solate effect of varying abundance

1. Fix the free-streaming fraction
2. Fix baryon density 0.00F T T T T : 4.0
3. Fix matter-radiation equality ..t 1
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Pressure supported matter fraction wy/wep
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. Hou et al (2011),
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Outline

 Intro to the CMB
 What is dark radiation?

* How do we isolate the effect of dark radiation on the CMB?
 Effects of Abundance (background)
- Effects of Composition (perturbations)
« Changing both

* Constraints with data
 Conclusions
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Changing the free-streaming fraction

Mass profile

t=317,000.0 yrs, T = 0.28 eV
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Changing the free-streaming fraction

t=317,000.0 yrs, T = 0.28 eV
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Changing the free-streaming fraction
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Changing the free-streaming fraction A

0100—"lllllllllllllllllllllllllll

—0.20k

\/\ \/\/\/\/\/\/\/

V\/V\/\/\/\/

500 1000 1500 2000 2500
¢

0.40
0.33
0.26 7
0.19

0.12

Decrease amplitude

ADo(fes) A fts
Dy () — 0.246 Feo

Phase Shift

50~ —0.19 fr. AL

Bashinsky and Seljak (2003),
Baumann et al (2016) 22



Outline

 Intro to the CMB
 What is dark radiation?

- How do we isolate the effect of dark radiation on the CMB?
 Effects of Abundance (background)
 Effects of Composition (perturbations)
« Changing both

* Constraints with data
 Future work
 Other work

e Conclusions
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Free-streaming vs fluidlike radiation

t =317,000.0 yrs, T = 0.28 eV t = 308,000.0 yrs, T = 0.28 eV
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Free-streaming vs fluidlike radiation

« Differential impact on free-streaming fraction

ANfs: Ntot1 ffs 1

A]Vﬂdzj\ftot‘ ffs l

* What is the physical effect in the CMB?
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Free-streaming vs fluidlike radiation
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Pressure supported matter fraction and free-streaming fraction
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Effects combine
Roughly: solid = dashed + dotted

Decreasing wp, /wer
------ Decreasing fs.
—— ANpq = 1.0 vs ACDM

Decreasing wp /wep
------ Increasing fe.
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Effects combine
Roughly: solid = dashed + dotted

Decreasing wp, /wer
------ Decreasing fs.
—— ANpq = 1.0 vs ACDM
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Outline

 Intro to the CMB
 What is dark radiation?
« How do we isolate the effect of dark radiation on the CMB?

 Constraints with data
« CMB only
« BAO Data

e Conclusions
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Free-streaming vs fluid radiation

* Place upper bounds on contribution to energy budget
* Planck PR4 data
. YHe free

ANg, = 0.120+017
ANgq = 021102

D O ®

QB N PN I TP \ PR Vv . . .
_@}’ @’ @3’ @3’ NTOAT AT AT YT T T T 0
NOAY AT A 10° A4, ANg /44

1006,

MMS, Loverde, Brinckmann, Weiner (2025) .,



Free-streaming vs fluid radiation

Constraints on free-streaming radiation are tighter than fluidlike radiation

Interpretation: the phase shift induced by changes to both free-streaming
fraction and pressure-supported matter fraction are incompatible with the
data

Other parameters are compensating for scale dependent feature of fluidlike

radiation
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Outline

 Intro to the CMB
 What is dark radiation?
« How do we isolate the effect of dark radiation on the CMB?

 Constraints with data
« CMB only
« BAO Data

e Future work
 Conclusions
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Constraints with BAO data

PR4

"HA NI

PR4 & ACT+PR4 lens.
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PR4 (no lens.)
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MMS, Loverde, Brinckmann, Weiner (2025) 34



Interpreting BAO Data

* The precision of the
measurement of the angular
sound horizon requires:

Qm ’93 X (waTQ) °

N s
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Interpreting BAO Data

* The precision of the
measurement of the angular

) . o
sound horizon requires: N
2)° S
legs X (waTS) .
S oy
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Interpreting BAO Data

* The precision of the

measurement of the angular >
sound horizon requires: S
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Why does increasing radiation move
along the degeneracy direction?

* Fixing equality requires: Wep X Wy

» Fixing 65 requires; 7s < 1/4/w;

Qo (wcbfrg) °
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Fixing equality vs fixing the pressure-
supported matter fraction

[} pr— wcbocw.?'m ‘ 0.170
0.155F === Wehp X Wy
i 0.78
| 0.165 Wep X Wy,
0.150}
_ rs < 1//wy
; 10.160
0.145} | £
S c 2)°
2 R - . - - 1 o (X ((.U T )
- lo.155 = m10s cbls
0.140F i
0.135} f.180
0.130F 0.145
3.8

105w,
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Interpreting BAO Data

BN PR4 B PR4 & DESI DR1

web(rs/147.1 Mpc)? Naa/Niot

Easier to add
fluid radiation!
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Also In the paper A

« Numerical degeneracy with LCDM parameters

* Breaking degeneracies with large scale structure data

* Differences between 2018 and 2020 analysis of Planck data
* Interplay with inflationary parameters (running of the tilt)
 Impact of CMB lensing and SDSS BAO data

« Constraints from different multipole ranges

+ S4-foreeasts
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Outline

 Intro to the CMB
 What is dark radiation?
« How do we isolate the effect of dark radiation on the CMB?

 Constraints with data
« CMB only
« BAO Data

« Conclusions
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Conclusions

« CMB constraints on fluidlike radiation are weaker. The data is
incompatible with the phase shift induced by free-streaming
radiation.

« Phase shift induced by both free-streaming fraction and pressure-
supported matter fraction effects

« DESI| BAO data prefers more radiation due to a preference for
lower matter fraction
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Conclusions (contd.)

* Must look for new physics in sufficient generality

* Even a simple model has many complex, nuanced features!
Rich interplay between the ‘old” and ‘new’ physics

* Need to interpret constraints carefully in the data space.

44



Thanks! Questions?



The sound horizon

Baryon-Photon Plasma
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Temperature fluctuations [ 1 K2]

Measured to 1 in 10* precision!
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Diffusion Damping

» Anisotropies with size below the mean free path of photons are
damped

2 H H
TD X NeoT X (1_YHe)O'T

TV Free electron number density

O'T Thompson cross-section

YHe Fraction of baryonic mass in Helium

Credit: Wayne Hu

Fixing @, > H o< \/w, B




|solate effect of varying abundance

Fix the free-streaming fraction

1.
2. Fix baryon density
3. Fix matter-radiation equality
4. Fix sound horizon

Varying radiation density
causes more diffusion
damping!
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Pressure supported matter fraction wy/wep
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Tilt Degeneracy
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Tilt Degeneracy
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PR4 vs PR3

 Think in Wr., ffs space
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PR4 vs PR3

PR4 PR3
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BAO Plot

I SDSS HE DESI E PR4 HEE PR4 & SDSS EEE PR4 & DESI DR1
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Lensing Plot

BN PR4 (no lens.) WEM PR4 WM PR4 & ACT+PRA lens.
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CMB-S4 Forecasts
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CMB-S4 Forecasts

BBN Yie, arg =

free Yyge. as =0

BBN YHe, free ag
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PR3

PR4 (no lens.)

PR4

PR4 & DESI DR1

PR4 & SDSS

PR4 & ACT+PRA4 lens.

B . 296
I EE—— () 304

I E—— (). 370
I e ()52
I e (). 330

I E—— (352

PR4 (no lens.) HENG——— (). 135
PR [ —— (). 412
PR4 & DESI DR 1 | I —— (). 47 |
PR4 & SDSS | —— (). 42 |
PR4 & ACT+PRA4 lens.

I S e (). 559
I — e (). 2 ()
I S —— (). 550
I S m ()
I —— (). 5
I —— ()17

PR3

PR4 (no lens.)

PR4 & DESI DR1
PR4 & SDSS
PR4 & ACT-+PRA lens.

S0 991]
PHA N4

59



Parameter degeneracy with fs

* What parameters are degenerate with the free-streaming
fraction? And why?

 Fit a model where the composition varies at fixed abundance
« BSM (ignoring SM neutrino physics)

Latest “PR4” reanalysis of Planck data
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Shift degeneracy

* Degeneracy with other LCDM parameters
» Study at fixed NViot

E; —0.04 1F .18 E; —0.009
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& w L0° A, 1000, et
Amplitude Peak locations
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Shift Degeneracy

fis = 0.34 vs frs = 0.41

93 is (partly) —— ft= only —— 6, adjusted 6., A. adjusted 0., Aa, no, wp adjusted
degenerate with| o6—— — — ———
phase shift [ ;
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3 [ differences at large
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Shift Degeneracy — So what?

* Interplay between parameters will affect constraints

* |solate which parameters care about each other and why at the
evel of the data
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Interpreting Lensing Data

B PR4 (nolens.) Il PR4 B PR4 & ACT+PRA lens.

| * Lensing requires higher values of A,
| which disfavors lower values of f

" | + Lensing Anomaly
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