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 why locally probe dark energy
* theory for dark energy local effects

» searching for dark energy in Milky Way
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Dark Energy (DE)

originate from cosmological constant
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Phenomenological Models

Quintessence (Wetterich 1988)
Phantom (Caldwell 2002)

Quintom (Feng, Wang, Zhang 2005)
Holographic (Li 2009)

osclillating (Turner 1983)
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guintessence (Amendola 2000)

se (Chiba, Okabe, Yamaguchi 2000)
N (Afshordi, Chung, Geshnizjani 2007)
ravity braiding (Deffayet 2010)

Gas (Kamenshchik, Moschella, Pasquier 2001)
uid (Brevik 2002)

densation (Arkani-Hamed, Cheng, Luty, Mukohyama 2004)

higher spin (2004-2011)
fermion (Ribas, Devecchi, Kremer 2005)
(Cai, Wang 2008) (Yajnik 2011) (Tsyba 2011)
vector (Armendariz-Picon 2004) (Zhao, Zhang 2006)
p-form  (Koivisto, Nunes 2009) (Das Gupta 2009)

_orentz-violating (DeDeo 2006)
Minimum length (Bohmer Harko 2008)

time-varying neutrino (Takahashi, Tanimoto 2006)

conformal Galilel algebra (Stichel Zakrzewski, 2009)
asymptotically AdS (Das 2009)

creation CDM (Lima, Jesus, Oliveira 2010)

entropic (Verlinde 2017)

anisotropic (Singh, Sharma 2013)

DE models ofter p, p, especially w
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Basic Problems of Dark Energy

- state parameterw = p, /p,,

e ifw = — 1, what is the value of A?

e alongstoryifw # —1 ...

e if w > — 1, maybe Quintessence; if w < — 1, maybe Phantom
 how to distinguish models if w = w(z)
 need to fix other parameters, like p(z)



Current Experimental Results

Gong-Bo Zhao et al. Nature Astron. 1 (2017) 9, 627-632

Planck 2018
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Locally Probe Dark Energy

e direct search for DE, point by point
* Independent with cosmological assumptions
* higher precision

e distinguish DE models (model independent method)

We propose to directly probe DE on astrophysical scales,
such as galaxies or galaxy clusters,
around 100-1000 kpc scales.



Difficulties on Astrophysical Scales

 How to coordinate-independently define isotropic energy-momentum
tensor

 How to coordinate-independently define energy and pressure
(relation to dark energy model)

 How to deal with realistic astrophysical system



Coordinate-Independent
Energy-Momentum lensor

T = 1, dx" @ dx”



Coordinate-Independent
Energy-Momentum lensor

Energy momentum tensor T = I, _dx* @ dx" should be coordinate-independent

component T is coordinate-dependent

‘ X — 2x ‘ rotate ‘
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Static Isotropic Metric

(Steven Weinberg)
Gravitation and cosmology:
principles and applications of

e guasi-Minkowskian coordinates the general theory of relativity

x! =rsinfcos¢, x*>=rsinfsingg, x> =rcosé

o static isotropic invariants
x-x, x-dx, dx-dx

e general metric tensor

ds? = (1420(r))di? — (1 +20(r)) "~ dr? — rX(d6? + sin? 0dg?)
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Apply to Dark Energy

general expression for DE in Weinberg's form

', =A(r), T.=0, T = B(r)8" i+ C(r)x'x;.

T jdxidxj = — B(r)dx'dx' — C(r)(x'dx")?

/N

dx - dx (x - dx)?
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Coordinate-Independent

w=plp
from Energy-Momentum Tensor



Pressure from T*,

component /1, is coordinate-dependent

Tﬂl/z(pa_pa_pa_p) = Tl]=—p51J+O]/‘l]/:]

How to relate it to local system?

1. define pressure from C(r)rilf]- term

2. must be coordinate-independent
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Coordinate-Independent Pressure from 7"

The coordinate-independent observables can be only defined by:

T00=p, ZTii=—3p

Definition: Any energy-momentum tensor with 7°,, T'.=0, T'..
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Solution of Dark Energy

(d9)? = (1 +20(r)(dD? — (14 20(r)~ (dH? — r2(dO)2 — r? sin2 O(dp)?

CID(r)za | b = M (,»_O>3w+1

1
. 3w+1
1-2%-2(7()) ]

3w+ 1 < 0 at 220 on cosmological scales (planck2018)

dr? — r* (d6” + sin® 6de?)
r

3w+1
M
SdS, metric: dS2 = [1 -2— =2 (r—()) ]dt2
| |

e 3w+ 1 > 0 cause strong force at r — 0

e 3w+ 1>0 «— 3w+ 1 < 0 strong phase transition
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Application to
Realistic Astrophysical Systems



Realistic Astrophysical Systems

DE astrophysical matters
2 _ 2 — by
Vo, =4z (p, + 3p,) Vo, = 4x (pn + 3_])7111) post-Newtonian
7 M 7! N approximation
(I)W — — (_O)3w+1 (I)m — j 'Dm( _? d 7’
r r | 7 — ¥ |

\_-\~

Ve® = 4n(p,, + 3p,, + P + 3P,

Pu(r)  — o \ "+l - - .
b= — Jm—_)dr — (—O> as traditional gravitational potential
[ r =" '
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Repulsive Local Force
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Scale of Dark Force

3w+1 )

1 VO — V()
~| VO _ |~

Cri Feri Feri

| 3w + 1|
r

r

1
cri Vo o 500 kpc
ro  \ [3w+1] " 7.71 x 106 kpc

power law behavior and precise rotation velocity reduce the scale
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Anomalous Drop

¢ Huang et al. (2016)
Sofue (2013)
—— Huang et al. (2016)
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— best fit
dark energy

50 100

Results

¢ Huang et al. (2016)
Sofue (2013)

range '7‘(1(1'(1)(‘) Ph.0 (]\[(:; I)C—g) 'rll(kpc) w X?‘Gd

4.5-200 kpc|2.9707  0.01170 003 1875 —0.82700110.85

4.5-100 kpc|2.8707  0.006 000 24T, —0.7970705]0.85

150 200
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w(iz=0)=— 1.071—83(1) Gong-Bo Zhao et al. (2017)
wy, = —1 tension with cosmological constant model




Expect Higher-Precision Data

—0.80 Avp(r) = a X A, (1)

for 100-200 kpc data
< —0.85
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Conclusion

We offer the basic theory for dark energy local effects: dark force

It can be probed on the scale of a galaxy

We obtain w ~ — 0.8 with very high precision

Results consistent with dynamical dark energy model, not cosmological
constant model
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Static Isotropic Metric

(Steven Weinberg) (] g2 — dt*—=2rE(r)dtx - dx—r*D(r)(x - dx)*=C(r)dx - dx

Gravitation and cosmology:
principles and applications of

the general theory of relativity ¥ . {x — 7y dx - dx = dr 2 + 7 2d92 + r 2 SiIl2 Hd(pz

dd rE(r)
step1:t =1+ D), — =—
dr F(r)

E*(r)
F(r

ds? = F(r)dt* — r? (D(r) + )drz — C(r)(dr? + r*d@? + r? sin” 6dg?)

step 2: > = C(r)r?

ds?® = B(r)dt* — a(r)dr? — r*(d6? + sin’® Odp?)

Newtonian gauge a(r) - f(r) = 1

ds? = (142®(r))dt> — (1 4+ 2®(r))~'dr? — r*(d0? + sin? Od¢?)
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Proof for Tti — ()

gi=—a‘(Na*(x,y,2), g'=—-a>a™*, gyp=py2, §° =7, gi=8"=00#)).
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Apply to Dark Energy

a little difference when considering g..,

(ds)* = g,(dn)* — g,(dr)* — r* [(d6)* + sin* O(dg)?| © (ds)* = g,(dD* — [ (g, — 1 - oY [ dxdx,

"~/

I'=g(r)A(r)dr @ dr

- |:(grr(r) o 1)B(7’) + grr(r) C(T’) ,,.2 dr ® dr

— B(r)(dr ® dr + r*’d0 ® df + r*sin“fdep ® dqo)
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Solution of Dark Energy

(ds)* = g,(dn)* — g,(dr)* — r* [(d0)* + sin* O(d¢)?]

~~/

T'=g (r)A(r)dr @ ds

i [(&r(r) - 1)B(l’) +8,(r) C(r) r* | dr ® dr

— B(r)(dr ® dr+ r*’d0 ® df + r*sin“fdp ® dqo)

rr.

t t . . ; 1 + 3w
I'y=p, T';=0, T=3|Bs~(1+3B—| B=- |
r? 6w
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Pressure from T*,

component /1, is coordinate-dependent

Tﬂl/z(pa_pa_pa_p) = Tl]=—p51J+O]/‘l]/:]

How to relate it to local system?

1. define pressure from C(r)rilf]- term
2. must be coordinate-independent

3. C(r)riif]- term do not change description on cosmological scales
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Relation to Cosmological Description

Extended Robertson-Walker Metric

(ds)? = Z*(x, y, 2)(d1)* — a*(DR*(x,y, 2)[(dr)* + r*(d6)* + r* sin® O(d¢h)?|
general metric describe inhomogeneous universe

inhomogeneity from primordial guantum fluctuations or catastrophic astrophysical events
Friedmann Equation
2 2
' 1 2 R 1 y0.R\2
L ﬁ — ﬁTO K(x, y, Z) K(xa ya Z) — 5 l : ( l )
72\ g4 0 a2 3 R> R R?’\ R

- 3ol 5= T (P +3p) T' . always in sum
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Relation to Cosmological Description

(ds)? = Z*(x,y, 2)(d0)* — a*(OR*(x, y, 2)[(dr)?* + r2(dO)* + r? sin® O(d¢h)?|

Conservation Equation

0=D,T" = 0,T" + ¥ T +T", T"

T" . always in sum
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Sectional Curvature |

Metric and curvature tensor
do?® = y;dx'dx’ = R*(x,y, 2)|dx* + dy* + dz?|

Ap. _., |® _ 3 Arr s _ e G
Rijion = 7 OR},, = yl-S[ = O, + O, O - O, rspm]

Gaussian curvature
(3)Rijkl

K,=K)ij, k,m] =
YikVim — Vimljk

2
Ki=Klikix=—L[f 2 GR (oR\* HR [OR\
p = BT TR [\ TR R \R R R

Klong) = 2 =3[ AR, (20)]

3 3 R? R R? \ R
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Sectional Curvature ||
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Energy-Momentum Tensor for DE

ds? = p(r)dt? — a(r)dr? — r*(d6? + sin? 0dg?)

o o L[ P
I, =1, protected by 7", — 1", = +
ra\ a [f
- - ', 1+ 3
T =, T'.=0, T’.=3wp[B5’.—(1+BB)—]], B=_——""
t l J J 72 6w

We need to solve the big problem forw #= — 1!
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Solution to Einstein Equation

ds? = (1 +20(r))d2 — (1420(r)) " dr? — r2(d6? + sin? 6dg?)

20 + 2ro0, P
8aT"', = 8al", = — =p
)
2 3w+ 1
SJZ'THQ = 87T, = — 0,00 ——0,0 = — p
r 2
a b M ro \ Wl
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Proof for b>0

b= 7 T I’3W+1
20 + 2ro0, P
8aT', = 8xT" = — = 87xp
2
o owb 0
= 3w+3 >
M 7 3w+1
q)z__i(_o) + forw>0, — forw<0O
r r
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Proof for Weak Field Condition

rp =200 kpe, rg= 100 kpe, v(rg) =200 km/s

AW = = 3w+ 1] (2!
M(I”L) > ‘vaz(rL)‘
L
Vz(” ) = MUs) ‘vaz(” )| > M) M(FL)(FL )3W+1 ~ v [1 (rL )3W+1]
s s n. 75 r's s
vz(rs)

(D (ry) | = () < S <107 for w < = 0.6
. 1 ( )3w+1

Fs
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Cosmic Expansion vs Dark Force |

Cosmological scales
cosmic scale factor a(?)
(dr)?

1 — kr?

(ds)? = (dt)? — a*(¢) [ - r*(d6)? + r?sin? e(dqb)Z]

Astrophysical scales

local dark force: — VCD

(ds)? = (1 +2®)(dr)? — (1 + 2®)~1(dr)? — r*(dO)* — r* sin? O(d¢p)*

o N 3w+1
(DZ_J ﬂm(r_? i <§)

[ 7= 1" | d

VD = 4n(p,, + 3p, + p,, + 3p,)
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Cosmic Expansion vs Dark Force |

Cosmic Expansion Balaguera-Antolinez et al.
3 5 CQG 24 (2007) 2677-2688
d a iv: 0704.1871
VP = —3_— O = — 2 arxiv
" a " ar z2 0.1 r=400 Mpc
Dark Force o and Zhang .
] JCAP 08 (2017) 036 This work
V2D =dn(p, +3p.) P =— ( To ) arxiv: 1701.03418 arxiv: 2303.14047
" " " " r r~1-—20 Mpc r ~ 100 — 200 kpc

Cosmological constant model

Ho and Hsu
1 Astropart.Phys. 74 (2016) 47-50

VZCDW — — A (I)w — _ —Ar2 arxiv: 1501.05952
6 r ~ 500 kpc
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Weak-Field Approximation

3w+1
M |3w+1]| [ 1o
)
Vet Feri Veri
r > .,
r>r
earth 0
" i Py T asymptotically flat unknown
2 — 2 _ 172 .2

weak-field ds* = (1 4+ 2®)dt* — (1 + 2®)~dr* — r’dQ

approximation r'= R(r)r

ds* = R*(dt* — dr* — r*dQ)

Cri
42



Scale of Dark Energy

()2 = (1 4+ 20(r)(dD? — (14 20(r) " (dN? — r2(dO)2 — r sin2 O(dp)?

a b M ]/‘O 3W+1
o-tectoa-to@)
e 7‘3W+1 e e
1 o\
O | =——Ar‘=-— (—O) , o = 7.71 x 10° kpc
A 6 r
Benchmark

fix 7o = 7.71 X 10° kpc !
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o Dependence

—0.7
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10
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100

Yang Huang et al.
MNRAS 463 (2016) 2623
arxiv: 1604.01216

L AMOST 4.5-100 kpc



V (km/s)

.\.\:\\ﬂt\w_*,.&.ﬁrw-w_..‘-\*. 3 N DS Tophe P VDR A1 D i ol Tk T e 4,

10

Data Sample Il

AL aaen M R R L e

Yoshiaki Sofue
Publ.Astron.Soc.Jap. 65 (2013) 118
arxiv: 1307.8241

3 points 100-200 kpc



Scale of Dark Force |

_ _ 1 3W+1
F=-—VOob= M+(3w+1) e,
r2 L 3w
= 3wl N i = ro( 13w+ 1172

= 500 kpc

For MW and cosmological constant model, r

( 3C;]wcn(rcri) )%
» Veri . A
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Scale of Dark Force |

critical radius

3w+1 M( )
F r
\3w+1\( O) ~ crl ~ V2

/
rcri Feri

w=—1 r’ . =3.6x10° kpc
i > 200 kpc = w < —0.808
w=-0.8 r..=176 kpc cri pc =W

Cr1i
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Dark Force Scale: Summary

o N 3w+1
(D:—J pm(r_? dl”-(E)
r

[ 7= 1" |

» scale of dark energy r, = 7.71 X 10° kpc

» critical radius r... & 500 kpc
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Rotation Curve Sensitivity |

. . 11 7‘3W+1'
F=—Vb = M+ Bw+ 1) L e,
r2 | 3w
I’=O.4l’cri
r8w+1

A V(r 3w ro\ T
S 0] e L = w1 () = 12,89

Vl% M Feri

r8w+1 w=—1

A V(r 3w roy vl
| wz()‘ = 3w+ 1] r . :‘3W_|_1|< ) =32 %

4 M(rei) feri

r Cri
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Rotation Curve Sensitivity |l

_ _ 1 r r3w+1 i
F=-Vo= M+ (Gw+ H——]|é,
7‘2 I 7‘3W |
Av/v r=0.2r,; r=0.4r..
w=—1 4 % 16 %
w=—0.8 7 % 19 %

current experimental precision 1s 3 — 8% at 4-100 kpc
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Galactic Mass Model
v2=v§+v§+vlg+va2
bulge v (r) = 196 km/s (k—;c)-“2
disk 2Ar)=Zgoexp(=rlry) T ry) =544 Mypc™

dark matter halo NEW p,(r) = py, o(r/ r) (1 +7/r) "2~

dark energy

52



Galactic Mass Model: bulge

o

pR.2) = m?(1 + m)P—r

exp [— (er/rt)zl , MR, Z) = \/(R/”o)2 + (ZIqry)’

y=0,p=1.8,r,=0.075 kpc, r, = 2.1 kpc,qg = 0.5, p, = 9.93 x 10'Y M_kpc™
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v.(km/s)

Galactic Mass Model: bulge

v =196 km/s (L)_l/2

kpc
1000——————————————————
- — Holonomic bulge component -
- — Point—like approximation -
50__ 0.1% overestimation on velocity
O | | | | | | | | |
0 S0 100

rp(kpc) y



(Galactic Mass Model: disc

24r) =2 oexp(=riry)  Z(ry) =544 Mypc?

V() = 41GE 07,3 | LK) = HOK ()

total local stellar surface density 38.0 M, pc_2 [J. Bovy, H. Rix, ApJ 779 (2013) 115]
subtract stellar halo surface density 0.6 MQ pc_2 [C. Flynn et al. MNRAS 372 (2006)1149-1160]
H, gas 2.0 M pc~2 and warm gas 3.0 M, pC™? (ibid. ]

HI gas 12.0 M p(:_2 [P. Kalberla, L. Dedes, A&A 487 (2008) 951]
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Galactic Mass Model: NFW halo

pu(r) = ppo(r/ r) N+ 1) ~

, 472,0,1,01”,3 r,+r r
v, = (ln )
+ 7y

Ly



Planck 2018

Fixing the evolution parameter w, = 0, we obtain the tight

This value 1s our “best estimate” of Hy from Planck, assuming constraint
the base-ACDM cosmology.
Since we are considering a flat universe in this section, a
constraint on €, translates directly into a constraint on the dark-
energy density parameter, giving

(68 %, Planck TT,TE,EE+lowE

/ACDM model wo = —1.028 £ 0.031 +lensing+SNe+BAO), (50)
Qr =0.6847 +0.0073 (68 %, TT,TE,EE+lowE+lensing). (15)

In terms of a physical density, this corresponds to Qzh* =
0.3107 £ 0.0082, or cosmological constant A = (4.24 + 0.11) X

107%0 eV? = (2.846 + 0.076) x 107122 mlz,1 1n natural units (where
mp 18 the Planck mass).

able 6. Marginalized values and 68 % confidence limits for cos-
mological parameters obtained by combining Planck TT,TE,EE
+lowE+lensing with other data sets, assuming the (wg, w,) pa-
rameterization of w(a) given by Eq. (49). The Ay? values for best
fits are computed with respect to the ACDM best fits computed

To test a time-varying equation of state we adopt the func- from the corresponding data set combination.

tional form

Parameter Planck+SNe+BAO  Planck+BAO/RSD+WL
seweea=aw, W(2) CDM model /
—0.957 + 0.080 —0.76 + 0.20
where wy and w, are assumed to be constants. In ACDM, wy = W oo oo -0.29%)>¢ —0.7219%2
—1 and w, = 0. We use the parameterized post-Friedmann (PPF) Ho [ km s~'Mpc™] 68 31 + 0 82 663 + 1.8
o TR 0.820 +0.011 0.800+0013
S 0.829 +0.011 0.832 +0.013
A2 .o ~1.4 ~1.4

o57



Relation to RW Universe

(ds)? = Z*(x,y, 2)(d0)* — a*(OR*(x, y, 2)[(dr)?* + r2(dO)* + r? sin® O(d¢h)?|

Conservation Equation

0=D,T" = 0,T" + ¥ T +T", T"

dT% 3a 1
0= | T —=T'. = p ox a”CWH)
dt  a o 3 2
. . 2 OR .
0=0T" A (T'.— T ) T8 =>0dp=0
/) R oxt I Roxi
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Conservation Equation
for Newtonian gauge

0 =D,T" = 9,T" + ¥ T% +T%, T
20 + 2ro, D

72

T =T =

r

0=D,T" = 9,T" +T* T% +T", T

0,TH I T
0 0
0.(g"T',) 2T" 0,® — 2T, g:
u=0 0 F‘gngT(p¢

H=q 0 0

59

r

2
% =T =—00®P——0,®

protected by Bianchi identity

spherical polar coordinates

8MTW + 1% T + F’/WTW
0
rr t 2 t 0
g (a,,(T )+ (T, T9)> )
0
0



Vc(km/s)

300

100

Prospect

w/- dark energy

w/o dark energy

m w/- errorsreduced by a=15%

50 100 150



Ve (km/s)

Tucana

NGC3109

Sextans B

¢ NGC3741

NGC4244

Prospect

® M31
O

0 ® NGC3198

M33

r=rc, fix w
r=0.4 rc, fix w

r=0.2 rc, fix w
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Fig. 1. Rotation velocities of the disk and pseudo rotation
velocities of non-coplanar objects in M31 (a) in linear and (b)

semi-logarithmic scaling. References to the data are listed in
table 1.
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