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Dark matter and dark energy

Ordinary matter

Sog Properties
(o]
e Matter: clumps under gravity * Causes accelerated expansion
* Dark: Does not emit/absorb light (negative pressure)
* Cold: Most non-relativistictoday * Doesn’t clump under gravity
Evidence
* Rotational curves of galaxies * SN la
e Gravitational lensing - CMB
e Galaxy formation
- CMB
Candidates

* New particles (e.g. WIMPs, ALPs) ¢ Cosmological constant A
* Primordial black holes * Quintessence
* Modified gravity (e.g. MOND)
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Are dark matter and dark energy related?

* Most DM theories related to new particles.

* DE traditionally a constant vacuum energy A permeating whole
Universe — no particles.



Are dark matter and dark energy related?

* Most DM theories related to new particles.

* DE traditionally a constant vacuum energy A permeating whole
Universe — no particles.

* This work proposes a model that can explain DM and DE using
3-form gauge fields.



3-form gauge theory

Electromagnetism 3-form gauge theory

* Photon 4, with gauge redundancy: * Tensor field 4,,,, with gauge redundancy:
0A, = 0,0 0Avpe = 0y pe] X €E4ypod” 0
* Field strength tensor: * Field strength tensor:
Fy = 0,4y — 0yAy = 0 Ay Ewpe = OpuAvpoy
e 2 propagating d.o.f. (2 polarisation states) * Fypo isdual to ascalar F
Fvpo = €uvpol’

* ( propagating d.o.f. (no particles)

Source: Wikimedia Commons
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Dynamics of 3-forms in vacuum

1
Lgauge = ﬁ - > . 41 FuvpaFuvPa

* Equations of motion: 9,F = 0 = F = constant = 1
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Dynamics of 3-forms in vacuum

1
Lgauge = ﬁ - > . 41 FuvpaFuvPa

* Equations of motion: 9,F = 0 = F = constant = 1

No new particles!

* Energy-momentum tensor:

( 1
2
1, 10=Too=§/1
Tuv=gﬂv'§}l = < 1
D :Ti' = _—Cl2/12
\ 2
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Dynamics of 3-forms in vacuum

1
Lgauge = ﬁ - > . 41 FuvpaFuvPa

* Equations of motion: 6”F =0 = F =constant= 41

No new particles!

* Energy-momentum tensor:

( 1
2
1, ,0=Too=§/1
Tuv=gﬂv°§}l = < 1
p=T; = ——=a?2?
\ 2

* Negative pressure = dark energy!

3-form in vacuum behaves like a cosmological constant!
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Generating a mass for 3-forms

* Need to get DM candidate — apply Anderson-Higgs mechanism to 3-form.

* Analogous to photons propagating in plasma:
* +1 d.o.f. due to collective plasma oscillations.
* Photon now has 3 d.o.f. = effective mass.



Generating a mass for 3-forms

* Need to get DM candidate — apply Anderson-Higgs mechanism to 3-form.

* Analogous to photons propagating in plasma:
* +1 d.o.f. due to collective plasma oscillations.
* Photon now has 3 d.o.f. = effective mass.

* 3-form permeates Universe containing ordinary matter.

Anderson-Higgs mechanism on 3-form = +1 d.o.f. for 3-form = Effective mass arises (DM candidate)
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Modelling the Universe

gy = diag(1, —a(®)? —a(t)? —a(t)?)

e Cosmological principle = model ordinary matter as a perfect cosmic fluid.
* Described by real scalar field ¢p(x) with shift symmetry 6¢ = c.



Modelling the Universe

gy = diag(1, —a(®)? —a(t)? —a(t)?)

e Cosmological principle = model ordinary matter as a perfect cosmic fluid.
* Described by real scalar field ¢p(x) with shift symmetry 6¢ = c.

e Construct Lagrangian (using first-order formalism):

1
Lenia = V=90, dV* — 1*P(X)| where X = 2 TV

Energy scale of theory



Ordinary matter as a perfect fluid

1
Leia = 1/—g[aﬂqbV“ — ,u‘l‘P(X)] where X = z—wl/l'iV“

* Energy-momentum tensor: T, = 2V,0,¢ — V,V,, — g, (V*3,¢ — u*P)



Ordinary matter as a perfect fluid

1
Lepia = V=9|0,0V* — u*P(X)| where X = ot V"
* Energy-momentum tensor: T, = 2V,0,¢ — V,V,, — g, (V*3,¢ — u*P)
e 4-velocity of fluid: V# = u?+2Xu#
* Equations of motion: PyV¥* = 0 ¢



Ordinary matter as a perfect fluid

1
Leia = ,/—g[augbV“ — ,u4P(X)] where X = 2_;¢4V“V”

* Energy-momentum tensor: T, = 2V,0,¢ — V,V,, — g, (V*3,¢ — u*P)

e 4-velocity of fluid: V# = u?v2Xu*
* Equations of motion: PyV¥* = 0 ¢

* Rewrite as: Ty, = 2u* X Pyu,u, — gﬂvl(2u4XPX — ,u“‘P)I
|
p+p p
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Ordinary matter as a perfect fluid

1
Leia = ,/—g[augbV“ — ,u4P(X)] where X = 2_;¢4V“V”

* Energy-momentum tensor: T, = 2V,0,¢ — V,V,, — g, (V*3,¢ — u*P)

e 4-velocity of fluid: V# = u?v2Xu*
* Equations of motion: PyV¥* = 0 ¢

* Rewrite as: Ty, = 2u* X Pyu,u, — gwl(Z,u‘LXPX — ,u“‘P)I
|
p+p p

* Fix equation of state w = p/p and solve for p in terms of w:

p = ptP(X) = ppXHW/2
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Gauging the theory with a 3-form

Coupling strength of 3-form Energy scale of theory

L=y=g|-——F F“""+( 0,0 — 2 ¢ AVP“)V”—M4P(X)
2. 417HvPO 31 Hveo

Gauge coupling between 3-form and cosmic fluid
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Gauging the theory with a 3-form

Coupling strength of 3-form Energy scale of theory

L= =g | B FRP0 4 (0,6 — LK e aver)ym — ipen)
9 .41 mvpo U Uvpo U

Gauge coupling between 3-form and cosmic fluid
* Energy-momentum tensor:

= 4 4 1 2
Ty = 207 XPxuyuy, — gyy | 207X Py — =P —EF
| l |
p+p |
p

Christian Canete | Dark matter candidate emerging from 3-form gauge theory



Gauging the theory with a 3-form

Coupling strength of 3-form Energy scale of theory

o .

1
L= \/Tg _ 2. 4! FuvpaFMvPG + (aucp _ ?EuvpaAvPG) VE — .U4P(X)

Gauge coupling between 3-form and cosmic fluid

* Energy-momentum tensor:

4 4 4 1 2
T = 2U*X Pyt ity — guy | 204X Py — u*P — = F

. ! 2
| |
p+p |
p
* Again, parameterise energy density by equation of state w = p/p:
p = ‘Ll4P +%F2 — pr(1+W)/2
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Energy density at different epochs

Find background energy densities — assume only time-dependent solutions.

* DE-dominated era (w = —1):

1
pa = u'Po+ 527



Energy density at different epochs

Find background energy densities — assume only time-dependent solutions.

* DE-dominated era (w = —1):
= 4 1.,
Pppr = U PO + 5/1

* Matter-dominated era (w = 0):

ﬁM:ﬁB+(

New contribution from
3-form’s effective mass!
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Relating DM density to model parameters

Assume all DM consists of
the 3-form’s effective mass.

2
_ _ iQM,O 2 6
PbpM,0 Hy Qpo gall

p_DM,O — 975 X 10_48 GeV4
Hy = 1.44 x 10742 GeV

Mo _ ().459

A0

10—11-

10—12_

=
w

10~

Energy (eV)
|_I
=
IS

[

<
=
U

10—16_

10—17_

Energy scale u
Mass scale gau

1074 103 1072 107!
Coupling constant of 3-form gy

105
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Conclusion

* Introduced novel theory of DM involving a 3-form gauge field that
also contributes to DE.

* By considering energy density of background fields, one can find a
relationship between u and g4 of the model.

* To make a viable DM candidate, need to study perturbed fields of the
theory to verify large scale structure formation.



BACKUP SLIDES



Levi-Civita tensor

Normalisation:

o cUVPO — _
e*VPo€ 1y pe = —4!

*€0123 =V Y
o 60123 — 1/\/_79

Alternatively, can write in terms of Levi-Civita symbol €,

* €uvpo =V~ I9€uvpo
. €BVPT = (1//=g)EHVPO



Energy-momentum tensors

_ 2 oL O0(L/Nmg) _
Tuv—ﬁagﬂv—Z 5 g Iuv(L/N=9)

luid
Tufvul =(p+ p)uuuv — 9wl



Cosmic fluid through first-order formalism

1
Leia = —G|0,dV* — u*P(X)| where X = 2 V"
Equations of motion:

 0,(y=gv) =0
. VH = éaud,

4-velocity of fluid: V# = pu?+/2Xu#

T/J,v = Zvuavd) - V/JVV - guv(vaaaQb - .U4P) = 2.“4XPqu,uv - guv(2ﬂ4XPX — /,L4P)

p(W) = u*P = au*Xx*W)/2 where w =p/p



3-form gauge theory in vacua

Gauge invariance:
1

° 5Avpa — gTuewp(,V“H
1
* 6Fuvp0' — gAjv[HEVPO']avaH
* §(EpgFHP7) =0 = V,VH0 = 0

* F < V,VH0 = 0

Dual 1-form:
1 1
* B, = EEWPUAVPU where 6B, = gTMVMH

1
+ F = —_V,BH



3-form gauge theory in vacua

Equations of motion:

1
Ou(V—=gF*"P?) =0 = 0, (\/—_g(

V=g

e”“"p"F)> =0 = éEMPIYF=0=9,F =0

Lagrangian requires a boundary term +iaﬂ(w/—gF“"P"Avpa) to ensure:

1. The variation of the fields vanishes at the boundary.

2. The energy-momentum tensor derived from the on-shell Lagrangian reproduces the correct
sign.



3-form gauge theory + cosmic fluid

Gauge invariance:
1
* 0A =—c€ VHO
vpo gap HVPO
1
0B, =—V,0
Hoogan H
1

* 5Fuvpa — EV[HEVM]“V“H

§F = V,VH6 = 0
5 =6

Equations of motion:

 0,(=g V) =0

¢ VH == (9h¢ — gauB*)
Px

* 0,(\=g F"P%) = 4g,u\ /=g €"VPoV, = 0,F = 4g,uV,



3-form gauge theory + cosmic fluid

Energy-momentum tensor:

4 4 4 1 2
Ty = 20" XPxuyuy, — gy | 207 XPx — u™P _EF

Energy density:

1
p = H4P +§F2 — pr(1+W)/2



Dark energy-dominated era (w = —1)

pr = pu*p +%I32 = u*P, + %AZ = constant

On-shell background fields:
0o _ Mean _ 1 (% 210

<!

a3
X—2M4(V)
— 4 S3ca 1
o F:—M—-F/l
3H, a3

6 and ~a~3. But since p, is constant, the function P(X)

If you plug F into p,, you find terms ~a™
must contain terms that exactly cancel out these terms, leaving behind only constant contributions

P, as well as A2 from F.



Matter-dominated era (w = 0)

_ 1_ _ D
oy = utP +—F2 =5, X1/2 =22

On-shell background fields:

— ,LLZC 1 = —

- V0 = asM = Py ((.b - gA.UBO)
— 1 — 2

T X = m(VG)

. I — 4gau3cy 1
F=-— He B + A

If you plug F into py, you find terms ~a~3/2 and a constant ~A2. But since py;~a 3, the function

P(X) must contain terms that exactly cancel out the terms ~a~3/2 and the constants, leaving
behind ~a~3 terms from P(X) and F2. We assume that whatever remaining term from P (X)
corresponds to ordinary matter pg.



Radiation-dominated era (w = 1/3)

1 2/3p
= utP +=F? = 5, X2/3 = | R A

On-shell background fields:
2 1 ~ —
s Py (C/) —gA.UBO)

eV —

)?= (VO)

. ﬁ:_w+/‘[
CLHO

If you plug F into pg, you find terms ~a~2, ~a™! and a constant ~A2. But since pr~a ™%, the
function P(X) must contain terms that exactly cancel outs the entire contribution of F2. Thus the

3-form doesn’t contribute to the radiation-dominated era.
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