Title Review of models
Date: Jul 14, 2008 11:00 AM

URL.: http://pirsa.org/08070006
Abstract:

Pirsa: 08070006 Page 1/60



Models of Changing Couplings

Maxim Pospelov

Umversity of Victoria / Permmeter Institute, Waterloo
K. Olive and M. Pospelov, PRD2001, PRD2007

| i

odJniversity | British Columbia PagH
of Victoria | Canada



Outline of the talk

1. Introduction. Searches of variations of couplings and masses
i space and time. Its place 1 a bigger picture.

2. Rewview of Bekenstein model.

3. Extending Bekenstein model = Interacting quintessence.

4. Dascussion of naturalness.

5. Shielding gravityv. Environmental dependence of masses and
coupling constants.

6. Do all coupling change? Infrared modification of «.

7. Conclusions

Pirsa: 08070006 Page 3/60



Motivations
1. Exustence of dark energv 1s an established experimental fact.

( Merriam-Vebster announced over the weekend that dark energy has been admitted into

the new edition of its Collegiate Dictionary along with more than 100 other up-and-
coming terms—from air quotes and edamame to dirty bomb. malware, mondagreen,
and wing nut...So, it is official!)

1. It mav not be a simple cosmological constant /\. but a
modification of gravity or an ultra-soit dvnamaical field ¢ that can
evolve 1n time space

1

Possible coupling of ¢ to normal matter mav manifest itself in a
number of “strange” phenomena. including “varnation of
couplings™ and there are endless possibilities to search for that.

3. Are there sensible models that further legitimize such searches?

(Do we need models at all?)
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Do we need models of Aa, Am, etc?

Phvsicists search for

L.

19

- W

6.

New long-range forces distinct from Eimnstein’'s GR
Deviations of Wi,y g from -1.
Vanations of masses and couplings

Birefringent paritv-violating effects for photons propagating
over large distances

Photon-axion oscillation

Non-GR couplings of spins to gravitational ficlds

What possible connection could exist between all these “shots 1n

the dark™ without a well-formulated model?
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Example

Take QED and extend 1t by one scalar ficld!

L:_%F F +W(I/u _?He)w_l_%(gj_uqo):_rr{@)

te@ b b, O F,, ospm yy +com iy Sy

Using this model vou can calculate local ¢(r), cosmological ¢(7)
profiles, and discover that a// seemingly unrelated phenomena
are actually related.
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Do we need models of A, Am_ etc? - Yes

1. New long-range forces distinct from Emstein's GR ¢; . ¢,

=

g 1ati "W Tom - [ >

2. Dewiations of Wp,y g0 from -1. - T79). ¢;. ¢,

3. Vanations of masses and couplings ¢, , ¢,

4. “Preferred frame™ paritv-violating effects for photons

propagating over large distances ¢,
5. Photon-scalar conversion ¢, , ¢,
6. Non-GR couplings of spins to gravitational fields ¢, . ¢,

In fact. all of these phenomena result from one new ficld and a few
new couplings.

Necessarily, 1'(@) has to be “very flat” !
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Benchmark point for the change of «

= (SO absorption spectra. Murphy et al. (1998-2007)

A 02-42)=(=0.543+0.116)x10""
P4

= QSO absorption spectra: Srianand et al. (2004)

/\ 5
(2o 1) =(=0.06£0.06)x 10"
94

Will hear about 1t todav!!! I will use O(10°)atz~1 asa
“benchmark point” sensitivity
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Bekenstein (1983) model of «(7)

SA ( HQQ)_——Q ;n'F‘;n'

qp—dependenceot a: de=cl(1+S,.9)

Cosmological evolution equation :

Efua'u(p: ;F"* lF:m’Fm*
| M_ 4

Important consequences:
= No evolution between~35eV < T <05 MeV

= All observables will depend on one combination - 1/-.

= Linear evolution with In(z) during matter domination:
Ada ~ Ifl+z) CEME/AE,. & X dy
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Bekenstein (1983) model of a7

SA ( ¢ u(p)_ _ _g) ;nf;n*

1 —dependence of d: a,=al(l+c,.@)

Cosmological evolution equation :

e 11
E 6# —=— F"' F:EH'FHI*
fL‘f (p --'\[*_ <hl- 4 ¢ >

Important consequences:
= No evolution between—~35eV < T <05 NMeV

= All observables will depend on one combination - 1/-,
= Linear evolution with In(z) during matter domination:
Aadla ~ I(l+z) G My77/AM. €3 X Oy
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Bekenstein (1983) model of a7

SAL ( u(p)___q) ;n’F‘;n*

.d'—l

@ —dependenceof o: «a_,=a/(l+c,.@)

Cosmological evolution equation :

8,0"p=<E(%F,F,
| M_\4

Important consequences:
= No evolution between~35eV < T <05 MeV

= All observables will depend on one combination Z- 1/-,

= Linear evolution with In(z) during matter domination:
Aa/a ~ Ifl+z) MM, & X oy
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Bekenstein model 1s killed by gravity tests

Spm 2 Spin O

irsa: 08070006

Umniversal force. Gy Non-universal force:

A Gy ~ Gpogy/Ma”
The absence of non-universal force 1s checked with accuracy
better than 10-13 . Then it follows that - 1/~ 1/, 10~
Therefore one can conclude that

(a(then)-a(now)), ‘o =~ + few x 10-1°

and Bekenstein model cannot give O(10-) shift

Page 20/60
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Spatial change of o in Bekenstein model?
Not a chance!

Spatial change of couplings:
Aav a ~ :FA G’((r) = 6EI\I ;F: (J[pljf*): A égav( l') < 10_8 Aég;[av(.r)

This 1s O(10-'%) for a satellite orbit and O( 10-—) for the lab environment
This 1s far awayv from modern capabilities

Referring to recent studies of atomic clocks w.r.t. the eccentricity of
Earth’s orbit:  predicted A ava < 10-13
(Verv nice benchmark for the atomic clocks to take!)

Is there a wav of making this difference larger and be consistent with
oravitational constraints?
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Modified Bekenstein-tvpe model (predictivity 1s

lost)

1. Drive the scalar field bv coupling to Dark Matter:

{‘5;{11}—_:;1' 2 ';35(];_1.{1;;1* + /17@//{)
Predictivity 1s partiallv or totallv lost:
(K. Olive. M.Pospelov. 2001)

20107
15x10° |
1ox 10}

05x10™ |

3
-

BW.5x10°¢
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2. Make it move by adding 7(¢) and choosing C A/~ 10-04,

G—105a:_—1:C,—0
-7 =3-7F7 =9
b: Sp=1i 5y =2

e 1
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Changing a models are unnatural !!!

Bekenstemn's model and spin-ofis are rec/mmically unnarniral:

These loops are OK for anv cutoil

These loops are a disaster:

m, ~ A/ M ~ 1077 GeV

But to have cosmological evolution
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Changing a models are unnatural !!!

Bekenstein's model and spin-ofis are rec/mmically unnarniral:

These loops are OK for anv cutoil

These loops are a disaster:

m, ~ A/ M ~ 1077 GeV

But to have cosmological evolution

g$ 27160

now one should have mibml()j— Gek
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Even “tree-level” gives contributions to the mass of ¢
Consider ¢ that couples to QCD:

PM G2 — F Npep?/M 7
e =t Aoen /My ~ 10'1" eV

You can say — this 1s rather small. No. 1t is HUGE. because
vou got to compare 1t with the Hubble expansion rate
which 1s 1033 eV now. and 101> eV back to the BBN
tumes.

Easv to write down a model for A« but trv to find models of

changing couplings that are technically natural - It is
Verv hard!

er from
“tHis problem because mteractions ~ & @ |

[ Models with pseudoscalar couplings do not su

IIIII
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Same “concerns  with fec/mical naturalness at quantum
level refer to

= [nteracting quintessence models

= {(R) models

= Any scalar-tensor theories mcluding Brans-Dicke

Exception: mass varving neutrino models where loops can
be protected bv almost exact SUSY + O(10-1)-scale
Yukawas. (Neil Weiner's talk at this meeting)

What to do:

1. Forget it and drop the subject. [pessimistic]

2. Keep hoping that solution to cosmological constant.
problem would also allow light ¢. [optimistic/naive]

3. Jrv to find models that are technically natural [hard]

Pirsa: 08070006 - 34/60
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Recap:

1. Itisrelatively easv to write down models of changing
couplings.

19

The simplest model of this kind. Bekenstein model. 1s severely
constrained bv the non-umversality of the 5™ force. and
9

Adva <10 .

(z—1)

3. You can “speed up” the evolution of ¢ bv introducing a
potential V(@) and or coupling to dark matter, which are far
less constrained than the couplings to nucleons. Predictivity 1s
lost. however.

4. Spatial vanations are tvpically verv small. being again
inhibited after the 5™ force constraints are satisfied.

L

Models are unnatural (do not believe words that Aa # 0
between now and z=1 1s predicted bv string theorv)
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My objective for the second part of the talk:

1. Shield scalar gravity — to create “more room™ for tests of
Aat/o ete

Create models that have significant spatial variations
Find models that mayv be still technically unnatural but
renormalizable (UV complete)

D

(I

Pirsa: 08070006 Page 37/60
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Shielding Gravity:
Damour-Polvakov and Chameleons

= There are two 1deas [I am aware of] on how to circumvent
prohibitive gravitational constraints on scalar-tensor theories.
One has to go awav from the linear regime.

1. Nordvedt-Damour-Polvakov idea:

AMpy(09)* + ¢Ogyy — M(E9) + (¢— 1Oy

Cosmological evolution pushes ¢ close to ¢, so that today

all spin-0 exchanges are suppressed bv (¢, ,.~d,)" ~ 103

2. “"Chameleon™ field idea (Khourv. Weltman).

V(¢) + §Og, conspire to ensure that in-medmum value for the
scalar field mass 1s larger than 10-° ¢V. May require steep
potentials. e.g. const (|)6 Stav for Justin's talk'!

None of these models have a significant spatial change

o) | COUPIINGS.

18



M

TeV-normalized Damour-Polvakov model
Olive. Pospelov. 2007
Main Idea:
Make Polvakov-Damour model [1n some sense]| strongly coupled
1 (0P)” + (¢—¢0)ZO sm— TeV 2(d9) + (H@):OSM

Average Og, (e.g. mypp or G, 2 or F 2 ) scales ike g, .,

L

n-medium effective mass of ¢ can be large (no constraints from eq.

)

principle)

[n vacuo position of ¢ can be different. if vacuum (bare) mass 1s
much larger than m (p___ )

Coupling constants can take different values depending where

measured. at low or high p -
matter

irsa: 08070006 Page 39/60
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[Mlustration

= [ow densityv environments

\ mg &
\"\‘ III,."'I
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Lagrangian of the model

M;

—F._ #(pf Z—{tp @) OV (@)

Effectrve potential

Z
(¢g—@,)
Ve=V(p)+ _ gf”’" =K.t N,

99 - il %ﬂﬁ’

For an infimite extent medium the minmmum 1s determined as

) 5 + A
gaﬂ:u'_ﬂ = ggm = > ?}?;ﬁ' — £ —— -
!I'_-‘ —|_ J_\LZ

while masses and Newton constant recerve correction s
i
m‘feE FHM‘ I_I_(rom ~

Z(p+ \2 ]2

Z i e
:"'-‘I' [Pl (J'Dm"'kz
_'-\, [E. {JL} _|_‘\12 .': ; Page 41/60

E
m
i N :
U(r)=—G, = ‘ 1+exp(—rm .
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In-medium range of the force

—1/2 L 3 \/2Z
A =mz={ 2] oo Mo [107GeViem’
M; Tel Yo,

For large (terrestrial tvpe) densities and TeV-scale
couplings. the range of the force falls under a mm

We typically consider the range of the force n the
atmosphere under 1 km so that M. < 10° GeV
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Environmental Dependence: a(p) and mi(p)

Masses and coupling constants depend

on ambient matter density. Assuming the hierarchyv
of densities. p, >> A, >> p . we get

P

n, 2 "4 sl

I n_-’\?‘ —# ”2\?}’ - @r;a 5 ar i Gl.’{f

=
- - SN o
o g [t

-
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Astrophysics constraints

Supernova emissions (and other star cooling and energy
transfer mechanisms) kill e.g. axion models normalized
on TeV-scale. However. relative to axion model the rate
of emission scales as:

I~ T3 I~ T5/MA

AX1011

More heavy masses in denominator. Iy scaling with M. 1s

exactly ike in ADD model with 2 exira dimensions

Pirsa: 08070006 Page 44/60
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Astrophysics constraints

Considering two mechanisms of cooling:
L y+tyr— ¢ +o
N+N 3N+N+ g+ ¢,
we get energy loss/volume/time
T2, 2,~003x & M
leading to a limit on M.

-

M F7>3TeV

Bremsstrahlung mechanism gives a somewhat tighter
bound:

M> 15 TeV

|Irrdeed very similar to models with 2 ADD dimensiorisf® -



Gravity Constraints

Thev come from two sources: double and single exchange
by ¢

Double exchange gives 113 potential (c.f. ADD again!)

Recent U of Washington result Iimits 1/r° mteraction

such that (47-'M.2m,\7<2x 108

gIving M.>2TeV
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Clock comparison/changing coupling constraints

=  No Oklo bounds. no meteorite bounds on afp)’
" 9, <2x107  from QSO data (assuming p,55</\-)

= Comparison of clocks on orbit and on the ground gives a
bound that 1s strongly dependent on £ .

;Fé?”” exp(-l‘sar ’ap) > 10_1Jr
No strong constraints for M. below 100 Tel".

irsa: 08070006 Page 47/60

27



12

(W I

Cosmological evolution

BBN constraints do not pose anv danger. Field ¢ decouples from
thermal bath earlier than neutrinos. and theretore N_0.5

Cosmological historv of ¢: o=, — =0

at scales where mass becomes comparable to Hubble rate
(tvpically. z~10°)

Energy transfer in this transition is verv small (< ¢_-/\,) and
does not lead to anv observable change.

There are no oscillations around minima — thev are redshifted too
fast

It A5 ~ P then the evolution of ¢ may still be occurring
todav towards ¢=0 cosmologicallv, while on Earth evervthing 1s
frozen to ¢ = ¢, (c.f. Barrow and Mota. 2003).
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Recreating oA p......) in the Lab

CcOSmo

Having clocks imn vacuum chamber and outside may
allow to measure the environmental shifts in frequencv

For a spherical evacuated chamber of radius R. we have

IRIREEEY I gl _
a(r=R)—a(r=0) &.¢> ——_ o HiA,  <<]
= == |0
! E s RIZ_ 1

which after substituting for gravitational constraints
takes the following form

a(r=R)—a(r=0) &, ~«TeV’

— 4

o M:

107%R/Im)* for R/i,_ <<l
107 for R/A_>>1

This 1s difficult but not impossible (compare with O(10-7)
~hiset iIn Bekenstein model). A



Possibility for new tests mside our Galaxy

=  «p) idea can be tested bv measuring o(pigy )

= There 1s no specific benefits for going after high z.

= Tests within our Galaxy can be done 1n absorption clouds and
use very high qualitv lines

= The access to higher Z (atomic number) 1s possible. which
mcreases sensitvity to o

= [t has been done this vear. and we shall hear about 1t from M.
Kozlov.
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Infrared modification of & —main 1dea
(partly explained 1in Copeland. Nunes. Pospelov. 2003)

I often hear “if a changes then surelv all other constants change as
well”. Thus 1s incorrect.

Let us construct a model that is renormalizable. (¢ 7, 7 model is not)

L=Lou+xF,V, -4V,  +mfV, 2+ L(Hhggs of the V-sector)

This 1s one of the most mimimal extensions of the SM — fullv
renormalizable.

Such Lagrangian creates V-photon mixing and results in the
anomalous dispersion for a an off-shell phton. e.g. modifies
Coulomb mnteraction

irsa: 08070006 Page 51/60
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Infrared modification of & —main 1dea
(partly explained in Copeland. Nunes. Pospelov. 2003)
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Short and long distance behaviour

\"TCﬂulﬂmb(r) — [1 e eXp(- . ) I ]

For all phvsics with ¢ > m- wehave V=« (1+x°) 'r

For all phvsics with q << my-wehave V=a /' r

Suppose that m-- 1s on the order of changes in space time due to
some dvnamics in the Higgs’ sector. Systems with size L ~m-
will know about it. while small objects would not.

If my, for example, ~ inverse atomic size then its change can
mainifest itself in atomic physics but will not lead to any
significant changes in gravitational interactions, Oklo effect efc.

Problem of naturallness is relegated to the Higgs’ sector.

Page 58/60

Th18"model deserves further studies.



Conclusions

= Models of “changing couplings” provide common
framework to study many different phenomena.

= All models built so far have deficiencies like
(un)naturallness.

= To enable sizable dependence afp), and
consequently allowing large spatial variations, we
propose a stronglv coupled variant of Polvakov-
Damour model.

= Astrophysical and gravitational tests have
sensitivity to M.~ 10 TeV but not bevond that.

= High-precision tests of a(p) in a laboratory, and
within our Galaxy are possible and quite
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