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Abstract: <p>We discuss how to formulate a quantum field theory of dark energy interacting with dark matter. We show that the proposals based on
the assumption that dark matter is made up of heavy particles with masses which are very sensitive to the value of dark energy are strongly
constrained. Quintessence-generated long range forces and radiative stability of the quintessence potential require that such dark matter and dark
energy are completely decoupled. However, if dark energy and a fraction of dark matter are very light axions, they can have significant mixings
which are radiatively stable and perfectly consistent with quantum field theory. Such models can naturally occur in multi-axion realizations of
monodromies. The mixings yield interesting signatures which are observable and are within current cosmological limits but could be constrained
further by future observations.</p>
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Interacting DM/DE: Dark
Monodromies

Nemanja Kaloper, UC Davis
hep-th/1605:00996 (with Guido D'’Amico and Teresa Hamill)




wWho cares?

= LUniverse Ls wmostly dark > 95%

s LCDM - DM (billiard balls) + DE (one
number)

n ...
s C'vmaon, reaLLH 227
n ...

= Well, maabe really... But not sure yet.
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cawn the dark sector be more interesting?

ONE starting assumption: QFT works (maybe this is
wrong but so far QFT has done well)

Suppose DE is not just a stngle number

So PM and DE are fluids of some RFT stuff

Aw obvious question: do they “mix”?

Lots of Literature on this! (search lnspire or just google)

But essentially ALL of it is just playing with
gravitating hydrodynamics - (almost) no QFT
exploration

Our guestion: can PM and DE be tnteracting QFTs?
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Lettmotif

Wheeler:

the principle of "radical conservatism”: adhere to well-
established physteal principles while pushing them into
extremee sttuations (attributed to Bohr).

So... Let’s follow Wheeler’'s and Bohr’s nose...

(could do a Lot worse...)
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ModeLLng DM/DE LnteractLons

Assume DE s a light ”quiwtﬂss&woe” tn slow roll
ts mass Ls tiwa now, < Hubble

V~ (103 ev)*

RV~ 10766 g\

4) ; V()
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ModeLLng DM/DE LnteractLons

Assume DE Ls a light “quintessence” in slow roll
ts mass Ls tiwa now, < Hubble

V~ (103 ev)*

RV~ 10766 g\R
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ModeLLng DM/DE LnteractLons

Suppose DM is heavy particles (“billiard balls”) - eg wimp

To code interactions tmagine

My (@) = m.g, (1+co/Mp+...) = 7?12., +gd+...

If Yukawa is absent the interactions are tiny and
96wericaLL5 less nteresting - best bet for strong
tnteractlons Ls Yukawa

mﬂ:

ﬂ :[P]

P

£ — g(j;nr‘_ﬁi"._"! =

This ts what most of the Lot of existing Literature asswmes,
starting with, eg Farrar and Peebles, and on and on...
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DM/DM long range force
mediated by ultralight DE

But...

>
DE

DM

DE selfenergy generated
by virtual DM
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These yteld bounds!
long range forces:

2 0 0

g’ . ???L 1 ???.f‘.,:, _
VoMm—py ™~ —=—e MPET v Gy g

r r
PE mass correctlons

A dl ')( 0 ]') 1 ”?'t[:" ( ( 0 JJ 1 Tﬂ'g'
~ gt (mY)en [ — | ~¢? my)* In [ —
mpE = g / [m )2 il (M) (M)

The PM/DM Lowg range forces cannot differ from baryownic ones
by wore than 10% of gravity ("local tests” of EP and
cosmological bounds from LSS)

V .
'N

Interestingly the bounds are not better! Having improved by
only aw order of magnitude or so tn the past 20 years...

C—l < 1!!3

™
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These yteld bounds!
long range forces:

D) 0 0

g" e " ???L 1 ???,‘, 9 ¥ .
VoMm—_pm ~ ——e MPET ~ _2Gy e 'DE

r r
DPE muass correctlons

A dip 2(m0)2] m,, 2G (M2 ] -mﬂ,)
~g'lm )7 AN — 2 E"" ?n 1
mDE_ [ [m ) )2 g1y, (.M) (M

The PM/DM Lowg range forces cannot differ from baryownic ones
by wore than 10% of gravity ("local tests” of EP and
cosmological bounds from LSS)

W

Interestingly the bounds are not better! Having improved by
only aw order of magnitude or so tn the past 20 years...

C—l < 1!!3

™
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ultraligt DE must stay ultralight

< J"'Ip] mpg & A'fp[H[] - (10_3 C‘\"‘F)Q

~ ( (])2 N( U,)Q - 0

|C| m m m
x} u )

Ampg S mpg

- Note: this 1s NOT a “hierarchy” problem - it’s the REAL
hierarchy problem! it tnvolves the masses of presumed real
particles! Like the Top dressing the Higgs...

- Interactions very strongly constrained! THIS 1S JUST
PECOUPLING!

Ic]

1/3

107eV m,)

. Ruintessence can only interact with milli-ev stuff but
that can be at most a tiny amount of DM
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Qame over?

« Well... There was an attempt with MavaNs

- Versiow | - “environmentally evolving DE” problematic
stinee it causes tinstabilities tn the neutrino sector... (too
strong “5th” force!)

« Verstow Il - basioaLLg scaled doww hgbr'wl inflation - DE
Ls just a nuwmber; the waterfall field allowed to - again -
only interact with milli-ev particles which are very few...

» So... Ls all that awatgstﬁs of DM/DE iinteractions which
Lmprint on LSS and cosmologieal background a
numerological exercise which has no foundation tn QFT?

« NO!

AxLon mownodromtes to the rescue!
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A smeLe way arouwnd

A theory with 2 axions
e One is light and is DE (m < Hp)

e Another has mass m 2 Hy and is part of DM today
(cannot be more than ~ 5% of DM)

e A third which the main component of DM (m > Hj)

We couple the DE axion to the intermediate-mass axion via
a monodromy potential

) ; Do y (,[F)l (,"h
V =l {1 — COS (ﬂ)} + o ll — cos (Q—")] 4 gk [1 — cos (— - n—')]
& fi - f2 Hs fi f2
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The game of 3 (well, actually 2)

e For simplicity choose fi = fo = f and p1 = e, p2 = p,
i = p1/€, where € < 1
e Transform to normal modes h and I: ¢, = _{v’%
_ nh+l

Py = '
“ \f'l"l"“g

e h is the heavy field direction, and [ is the light field
direction.
g
e V becomes

4
i T : <h P [ + nh 8 nl —h
V=VV-——|cos 1+.~_)+- s(—)-l— a(—
0~ = [CD (v’ n 7 € co VT € co e

Pirsa: 16060012 Page 20/34



Little algebra...

e Pick a heavy field vacuum h = 2k7f/v/1 + n? then the
effective potential for the light field becomes

VD) = ud (f-l- 2knw f )?‘
T T A Y e

w [1 ( 2k nl )]
€t — COS = — ‘ )
’ T+n2  fyiin2

® ferf =~ nf which can be greater than Mp) for f < Mp

o V ~ k2 / 4 ,r"f" )2
e The heavy field lifts the light field to a nontrivial
vacuum, and thus allows the field to be DE without
super-Planckian decay constants.

Note: for natural scales to fit DM and DE monodromy guarantees
the interaction energy is comparable to the normal mode energy!!!
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e Increase in H for both models

e Spike in H/Hpycpa in coupled
model

1)1]
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"f
Haee./ HxeDM
HJ,'“’ H_u"i_)w

1 '

e Increase in H for both models

e Spike in H/Hpycpay in coupled

model

() 1
Z

]
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0.0

0.0

energy densities
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(.4

(1.0
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Energies

N - T
[ e -
e
. AT
J o
11" &= f N 2
J ’ |‘|
/1

' | L"u'l LI", (ﬂ‘ | i"{lx', y _—
| ! | ' 'V /

In coupled model, spike in kinetic energy causes spike in H
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Little nuwmerology...

In order to get the largest effect we choose initial conditions
so that there are vacuum transitions.
e Take po > py.pn3 and f1 = fo.
o With these parameters, ¢o begins to oscillate while ¢4
is still behaving as DE.
e Choose r{:go such that n|Adgs|/f2 > 2n
@ These parameters imply that the fields will go over a
maximum of the third cosine

. ’ i r;') 1 4 r;‘)g 4 r;') 1 r,':Jg
V=V - gr.“I COS (—) — [l COS (—) — [Lq COS (— — n—)
] COI o CC g COE
fi f2 fi fa

Numerically solve field equations and Friedmann equation:

. ; 1% ."I,. D;
b +3Hd, + 2009 _ g

f)ﬂﬁj

!’fllf

3M:

!

H? =

~ b
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Little numerology...

In order to get the largest effect we choose initial conditions
so that there are vacuum transitions.
e Take po > py, g and f1 = fo.
o With these parameters, ¢o begins to oscillate while ¢4
is still behaving as DE.
e Choose r;:go such that n|Adgs|/f2 > 2x
@ These parameters imply that the fields will go over a
maximum of the third cosine

. ’ ; r;') 1 4 r,?}g 4 r;') 1 r,':Jg
V=V - g:fi COoS (—) — [l COS (—) — [bq COS (— — n—)
] COI o CC jt3 COE
fi f2 fi fa

Numerically solve field equations and Friedmann equation:

’ . OV (i, b;
f,'"},' -+ :]Hr;")‘ -+ M — ()

“(;‘IJJ‘

J“fuf

3M:

!

H? =

~ b
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Goldiewalls

Intermediate axion gets yanked by the ultralight one so strongly that
Lt cawjump a barvier: a oLaschaLLg tndueed phase transttion

Dowmain walls form between the early and Late regions, and they are
sub horizown: dangerous! But... let’s estimate the tension

Approximate the cosine up to the quartic term by
expanding the cosine about the maximum

Vers = ( f’jf 4(h? — f2)?

where forr >~ fao/n
Tension of the domain wall separating two nearest
neighbor minima is

2
i \? g s
72 /A fff‘(f‘”) fess = mafess = =5
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Goldiewalls are mostly harmless...

The fraction of the domain wall energy to the total
energy inside a Hubble patch is of order

9
Ewa  oHo  pifo
Egume MgHg — nMg Hy

Erf'u” < f?
Ethhh'- ”"IL{PI

So with n ~10-100, and with correctly caleulating the # coefficlent
one finds that axion decay constant of the order of GUT scale makes
energy in the wall 5 or wore orders of magwnitude than Hubble mass

So Late cosmology caw be largely unaffected
But there could be some small effects on the sky...
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Goldiewalls are mostly harmless...

The fraction of the domain wall energy to the total
energy inside a Hubble patch is of order

0
Ewau  oHo  pifa
Eyuwne M3HE  nM§Hy

Erf'u” < f?
Eﬂnhbh- “"1!1:’1

So with n ~10-100, and with correctly caleulating the # coefficlent
one finds that axion decay constant of the order of GUT scale makes
energy in the wall 5 or wore orders of magwitude than Hubble mass

So late cosmology caw be largely unaffected
But there could be some small effects on the sky...
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9
Ewa  oHo  pifa
EH;:M:I:- ﬂ[ng{? 'Nﬂlrng[}

Erz'u” < f?
Eyuphle nMp)
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Sunmnmia r5

Interacting DM/DE is - somewhat surprisingly - not a complete
misconception

PECOUPLING DOES CONSTRAIN THE MODELS!

To have a significant mixing (in wea kly coupled theortes) one
needs TWO very light fields

The ultralight DM cannot be wmore that 5% of the cosmic content -
but it ts more abundant than neutrinos...

There are interesting imprints on the sky within current bounds
But distinguishable from LCPM

The right framework for this is Axiverse - plethora of axions...
caw a trotka be the dark universe? Ttme will tell...
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