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nuclear pathways
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big bang nucleosynthesis

T>1 MeV
weak interactions keep neutrons and protons in thermal equilibrium
O n<p+e v
©Q—0 -
V+n<>p+e

E — 6_(mn_mp)/T

p
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big bang nucleosynthesis

T, r,_,~ G ° «— Q

rate

H ~ /g.GyT?

T decreases ——
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big bang nucleosynthesis

n—pP+e€ -+ Ve neutron decay

= | S
—
Q
Y| =
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Helium-4 formation

Q deuterium
>3 >80 >

l% tritium
G photon

p+ned+y

Tien-Tien Yu (University of Oregon) N3AS Seminar - Nov. 18, 2025



Helium-4 formation

Q deuterium °
=> 3 > 00 => 00

l% tritium
G photon helium

p+ned+y /

very stable!
all free neutrons end up here
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Helium-4 formation

n—pP+e€ -+ Ve neutron decay

new physics can change this!
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primordial abundances

baryon density parameter Qph?

0.27 —1 1\ R Hellum-4
Y, = 0.24709 +0.00025 Y, = 0.245 £ 0.003
£ 023

AYp Yexp_ th

= = —0.008458 £ 0.012183

UdBBN
A /
aw

1 P neutron abundance neutron decay
PDG 2020 077 107

baryon-to-photon ratio n = n;/n.,

10710
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neutron abundance at BBN

UdBBN da
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heutron abundance at freeze-out

Instantaneous approximation: Xn,W ~e \

approximate weak freeze-out temperature
AX, w m,, Amnp ATy,

X, Tw \ m Ty

n, np

however, we need to go beyond instantaneous approximation...
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heutron abundance at freeze-out

n 1
neutron abundance = T = X Telq
ny 1+ emne/
dX
Kinetic equation dtn — _>\n—>p (1 + 6_mnp/T) (Xn _ XTGLQ)
phase-space integral
neutron-proton 1+ 39124 Y 5 /
conversion >\n—>p — Gl J(mnp/T)
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neutron abundance at freeze-out

need to go beyond instantaneous approximation...
AX, w m Am ATy,

n, np np
Xo.w Ly my, Ly
Instead,

m [ *dd ~
AX, e — — A\
W / a 27T(1 + cosh(my,,/T)) =P /a / nTp
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neutron decay

t P ;
} udu Pe
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L'y
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n
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4He analytic constraint

neutron abundance@weak freezeout detﬁrium binding energy axial coupling
/ ABBN 2 4
—_— I -
Y, Xnw H Bp v a H\1+3g4, ga,
ABBN
/
L AGE | Ame  ma,P (Amnp Ame> )
| |
Gr Me Me P My Me
| / |
Fermi constant  electron mass neutron-proton mass difference

AY, YT 0.008 + 0.012
y,  ym e
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Scalar with non-universal coupling

52 | d? 4?3, )
L2 | S5 B — =2 . GA,GM — AP meee— Y (dggg + wmidf)) My,
pl 1=u,d
ds = dmd:zd — f:’“ M symmetric
d T 1y

antl-symmetric
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Scalar with non-universal coupling

52 | d? 4?3,
£ 2r S Fu P = S G i mege — Y (d2) + pn, dD

2 2 m; g
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m
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need to know: value of scalar field at BBN  @ggpn
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scalar evolution

5+ - -

ppm < constant  po a3 () 229
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electron coupling

b+ 3He + (M3 + Mirucea)® = 0

€

Minduced = ;

Ard'?
2 2 Me
Meyg = My O, =
¢ M§1
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photon coupling
5+ 3H+ (m2 + o) = 0
m.

induced tough to calculate...

In high-temperature limit:

in low-temperature limit:
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scalar evolution

T. Bouley, P. Serensen, TTY JHEP 03 (2023) 104 [arXiv: 2211.09826]

10% | S mﬁlllectrcl)n'(féﬁllallli'ng I — Effective solution
Full numeric
102 WKB
Q Frozen No backreaction
N |
(\] —_—
v§> 10 Rapid Oscillation
i~ 1()—4 .=10-20 oV Near Frozen
_6 ¢ Rapid Oscillation
10 dm (2):2><103
: —— Effective soiutlon
104 Photon Couphng Full numeric
7 WKB
e\ 10 No backreaction
~—
3. ]
< _9 Near Frozen Rapid Oscillation
- 10
10—4 m¢:10_20 eV
_ d (2):2><103
1076 e, 7= 0 S
1011 10710 1079 1078 10~ 1076
a

Tien-Tien Yu (University of Oregon) N3AS Seminar - Nov. 18, 2025



Non-Universally coupled scalar(s)

T. Bouley, P. Sgrensen, TTY JHEP 03 (2023) 104 [arXiv: 2211.09826]
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History of This Universe ...

Formation

BBN

Inflation (?)

Big Bang
E=1016 GeV

E=0.1 GeV
E=3x10-10 GeV

E=10-12 GeV
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redshift dependence of variations

need to modify helium abundance as input for CMB calculations

4

2 _ Ghosh, Boddy, TTY (in pre
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recombination

before

Tien-Tien Yu (University of Oregon)

/ﬁ

e- \/\/\
. T
e- ™o

after
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depends on:

hydrogen and helium energy
levels

atomic transitions and
recombination rates

photon-electron interactions
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gy and 11, In recombination

free-electron fraction

sensitive to energy

2

levels of H &« a"m,

visibility function:

sensitive to 6 o a*/m?

Tien-Tien Yu (University of Oregon)
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gravitational effects of ULDM

a coherently oscillating field leads to a new Jeans scale k; ~ fmyH

ULDM suppresses structure for k < k;

sufficiently low-mass ULDM modifies CMB power spectra

ULDM constrained to be a fraction of total DM energy density

Tien-Tien Yu (University of Oregon) N3AS Seminar - Nov. 18, 2025
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combined effects
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Parameter space exploration

10733 eV Fractional ULDM 107233 eV Total ULDM
Low Mass (LM) High Mass (HM)
My fp( = . ). d,,d My, fy( = 1), d, d,
a)¢ + WcDM ¢

Only effect on CMB is AYp
MCMC ana|ySiS (Variation at recombination is very small)

(With all parameters) .
MCMC analysis
Yp = Yp,BBN(O)(l + AYp)
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CMB constraints: high”-mass regime

Ghosh, Boddy, TTY (in prep)
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CMB constraints: fractional ULDM

Ghosh, Boddy, TTY (in prep)

0 Planck ) Planck + BAO + SPT
ULDM ULDM
ULDM + d'* ULDM + dv”
ULDM + d% ULDM + d

10810(f¢>)
logyo(fs)

—32 —30 —28 —26 —24
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improvement due

to fixed variation

(and impact on Yp)
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CMB constraints: comparison with BBN

Ghosh, Boddy, TTY (in prep)

Planck 4
Planck + BAO + SPT | Planck + BAO + SPT
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Conclusions

» guadratically-coupled scalar DM provides a framework for varying
fundamental constants and can leave significant impacts on measurements
across cosmological history, from BBN to CMB to today

* Induced mass through coupling to matter is key and leads to interesting
effects

 BBN constraints arise from changing the He4 abundance

» including both effects of changing m, and a on the He4 abundance and
recombination can improve on CMB constraints
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