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Disformal transformations Bekenstein (1993)
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• Do not introduce second-order terms in the dynamical equations Bettoni+ (2013)


• ︎Generates Beyond-Horndeski terms Bettoni+ (2013)


• Doesn’t change the number of physical d.o.f. Demenech+ (2015)


• Can distort the causal structure between the two space-times


• Special disformal transformations


• Eliminates non-minimal coupling in DBI Galileon theory Zumalacarregui+(2013)


• Horndeski’s theory: invariant under such transformation Bettoni+ (2013)


• Recently, has been used in a coupled DM model Gleyzes+ (2016)

g̃ μν = A(ϕ, X)g μν + B(ϕ, X)∂μϕ∂νϕ

g̃ μν = A(ϕ)g μν + B(ϕ)∂μϕ∂νϕ
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Redshift space distortions

!4

Density contrast �g,s = �g �
rzvg,z
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Real space Redshift space

From real to redshift space:

s = x+
vg,z
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Position

�g = bg�m
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(linear bias)

ng = n̄g(1 + �g)
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galaxy’s peculiar velocity along 
the line of sight



Newtonian gauge: 

Poisson, continuity and Euler 
equations (in Fourier space):

EoM for the density contrast  
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<latexit sha1_base64="LmjPHRTKrbNsfiSqVW50LfQaVUo=">AAACMnicbVDNSsNAGNzUvxr/2nr0slgETyURQY8FLz1WsK3QhLLZbNKlm2TZ3ZSGkFfxqg/gy+hNvPoQbpscbOvAwjDzfd8O43FGpbKsD6O2s7u3f1A/NI+OT07PGs3WUCapwGSAE5aIZw9JwmhMBooqRp65ICjyGBl5s4elP5oTIWkSP6mMEzdCYUwDipHS0qTRcgKBcD4rctQroBOG0J402lbHWgFuE7sibVChP2kadcdPcBqRWGGGpBzbFldujoSimJHCdFJJOMIzFJKxpjGKiHTzVfgCXmnFh0Ei9IsVXKl/N3IUSZlFnp6MkJrKTW8p/ueNUxXcuzmNeapIjMuPgpRBlcBlE9CngmDFMk0QFlRnhXiKdBtK97V2yZ9TLsvUZr4oc6/F4NNMUiwLU3dnbza1TYY3HVvzx9t216parIMLcAmugQ3uQBf0QB8MAAYL8AJewZvxbnwaX8Z3OVozqp1zsAbj5xfcMKmz</latexit><latexit sha1_base64="LmjPHRTKrbNsfiSqVW50LfQaVUo=">AAACMnicbVDNSsNAGNzUvxr/2nr0slgETyURQY8FLz1WsK3QhLLZbNKlm2TZ3ZSGkFfxqg/gy+hNvPoQbpscbOvAwjDzfd8O43FGpbKsD6O2s7u3f1A/NI+OT07PGs3WUCapwGSAE5aIZw9JwmhMBooqRp65ICjyGBl5s4elP5oTIWkSP6mMEzdCYUwDipHS0qTRcgKBcD4rctQroBOG0J402lbHWgFuE7sibVChP2kadcdPcBqRWGGGpBzbFldujoSimJHCdFJJOMIzFJKxpjGKiHTzVfgCXmnFh0Ei9IsVXKl/N3IUSZlFnp6MkJrKTW8p/ueNUxXcuzmNeapIjMuPgpRBlcBlE9CngmDFMk0QFlRnhXiKdBtK97V2yZ9TLsvUZr4oc6/F4NNMUiwLU3dnbza1TYY3HVvzx9t216parIMLcAmugQ3uQBf0QB8MAAYL8AJewZvxbnwaX8Z3OVozqp1zsAbj5xfcMKmz</latexit><latexit sha1_base64="LmjPHRTKrbNsfiSqVW50LfQaVUo=">AAACMnicbVDNSsNAGNzUvxr/2nr0slgETyURQY8FLz1WsK3QhLLZbNKlm2TZ3ZSGkFfxqg/gy+hNvPoQbpscbOvAwjDzfd8O43FGpbKsD6O2s7u3f1A/NI+OT07PGs3WUCapwGSAE5aIZw9JwmhMBooqRp65ICjyGBl5s4elP5oTIWkSP6mMEzdCYUwDipHS0qTRcgKBcD4rctQroBOG0J402lbHWgFuE7sibVChP2kadcdPcBqRWGGGpBzbFldujoSimJHCdFJJOMIzFJKxpjGKiHTzVfgCXmnFh0Ei9IsVXKl/N3IUSZlFnp6MkJrKTW8p/ueNUxXcuzmNeapIjMuPgpRBlcBlE9CngmDFMk0QFlRnhXiKdBtK97V2yZ9TLsvUZr4oc6/F4NNMUiwLU3dnbza1TYY3HVvzx9t216parIMLcAmugQ3uQBf0QB8MAAYL8AJewZvxbnwaX8Z3OVozqp1zsAbj5xfcMKmz</latexit><latexit sha1_base64="LmjPHRTKrbNsfiSqVW50LfQaVUo=">AAACMnicbVDNSsNAGNzUvxr/2nr0slgETyURQY8FLz1WsK3QhLLZbNKlm2TZ3ZSGkFfxqg/gy+hNvPoQbpscbOvAwjDzfd8O43FGpbKsD6O2s7u3f1A/NI+OT07PGs3WUCapwGSAE5aIZw9JwmhMBooqRp65ICjyGBl5s4elP5oTIWkSP6mMEzdCYUwDipHS0qTRcgKBcD4rctQroBOG0J402lbHWgFuE7sibVChP2kadcdPcBqRWGGGpBzbFldujoSimJHCdFJJOMIzFJKxpjGKiHTzVfgCXmnFh0Ei9IsVXKl/N3IUSZlFnp6MkJrKTW8p/ueNUxXcuzmNeapIjMuPgpRBlcBlE9CngmDFMk0QFlRnhXiKdBtK97V2yZ9TLsvUZr4oc6/F4NNMUiwLU3dnbza1TYY3HVvzx9t216parIMLcAmugQ3uQBf0QB8MAAYL8AJewZvxbnwaX8Z3OVozqp1zsAbj5xfcMKmz</latexit>

ds2 = �[1 + 2�(t,x)]dt2 + a2(t)[1� 2 (t,x)]dx2
<latexit sha1_base64="kxBQsHwBBxnFL9t2d/59czKtSxk="></latexit><latexit sha1_base64="kxBQsHwBBxnFL9t2d/59czKtSxk="></latexit><latexit sha1_base64="kxBQsHwBBxnFL9t2d/59czKtSxk="></latexit><latexit sha1_base64="kxBQsHwBBxnFL9t2d/59czKtSxk="></latexit>

vm = �a
2
H

k2
fm�m

<latexit sha1_base64="rSPxzSmNes0cSJu1aGVOPbpH06s="></latexit><latexit sha1_base64="rSPxzSmNes0cSJu1aGVOPbpH06s="></latexit><latexit sha1_base64="rSPxzSmNes0cSJu1aGVOPbpH06s="></latexit><latexit sha1_base64="rSPxzSmNes0cSJu1aGVOPbpH06s="></latexit>

k2

a2
� = �4⇡G⇢m�m

<latexit sha1_base64="57YUxtewqg2JyQGaNC839k1NOyQ="></latexit><latexit sha1_base64="57YUxtewqg2JyQGaNC839k1NOyQ="></latexit><latexit sha1_base64="57YUxtewqg2JyQGaNC839k1NOyQ="></latexit><latexit sha1_base64="57YUxtewqg2JyQGaNC839k1NOyQ="></latexit>

�̇m +
k2

a2
vm = 0

<latexit sha1_base64="Rk1vpIzE1idujslg4pqMutlzFvM="></latexit><latexit sha1_base64="Rk1vpIzE1idujslg4pqMutlzFvM="></latexit><latexit sha1_base64="Rk1vpIzE1idujslg4pqMutlzFvM="></latexit><latexit sha1_base64="Rk1vpIzE1idujslg4pqMutlzFvM="></latexit>

v̇m � � = 0
<latexit sha1_base64="nJpJ53WW+pG03pcHzGXdBQ/Upak=">AAACOnicbVDLSsNAFJ34rPHV6k43g0VwY0mkoBuh4MZlBfuAJoTJZNIMnUnCzKRYQsCvcasf4I+4dSdu/QCnTRe29cDA4dzXmeOnjEplWR/G2vrG5tZ2Zcfc3ds/OKzWjroyyQQmHZywRPR9JAmjMekoqhjpp4Ig7jPS80d303pvTISkSfyoJilxORrGNKQYKS151RMnSFQ+LrzcERzyAl5Cpx1ReAstr1q3GtYMcJXYc1IHc7S9mlHR23DGSawwQ1IObCtVbo6EopiRwnQySVKER2hIBprGiBPp5rNPFPBcKwEME6FfrOBM/TuRIy7lhPu6kyMVyeXaVPyvNshUeOPmNE4zRWJcHgozBlUCp4nAgAqCFZtogrCg2ivEERIIK53bwqZgTFNZujbzp9L3go00mkiKZWHq7OzlpFZJ96pha/7QrLea8xQr4BScgQtgg2vQAvegDToAg2fwAl7Bm/FufBpfxnfZumbMZ47BAoyfXxHOrDc=</latexit><latexit sha1_base64="nJpJ53WW+pG03pcHzGXdBQ/Upak=">AAACOnicbVDLSsNAFJ34rPHV6k43g0VwY0mkoBuh4MZlBfuAJoTJZNIMnUnCzKRYQsCvcasf4I+4dSdu/QCnTRe29cDA4dzXmeOnjEplWR/G2vrG5tZ2Zcfc3ds/OKzWjroyyQQmHZywRPR9JAmjMekoqhjpp4Ig7jPS80d303pvTISkSfyoJilxORrGNKQYKS151RMnSFQ+LrzcERzyAl5Cpx1ReAstr1q3GtYMcJXYc1IHc7S9mlHR23DGSawwQ1IObCtVbo6EopiRwnQySVKER2hIBprGiBPp5rNPFPBcKwEME6FfrOBM/TuRIy7lhPu6kyMVyeXaVPyvNshUeOPmNE4zRWJcHgozBlUCp4nAgAqCFZtogrCg2ivEERIIK53bwqZgTFNZujbzp9L3go00mkiKZWHq7OzlpFZJ96pha/7QrLea8xQr4BScgQtgg2vQAvegDToAg2fwAl7Bm/FufBpfxnfZumbMZ47BAoyfXxHOrDc=</latexit><latexit sha1_base64="nJpJ53WW+pG03pcHzGXdBQ/Upak=">AAACOnicbVDLSsNAFJ34rPHV6k43g0VwY0mkoBuh4MZlBfuAJoTJZNIMnUnCzKRYQsCvcasf4I+4dSdu/QCnTRe29cDA4dzXmeOnjEplWR/G2vrG5tZ2Zcfc3ds/OKzWjroyyQQmHZywRPR9JAmjMekoqhjpp4Ig7jPS80d303pvTISkSfyoJilxORrGNKQYKS151RMnSFQ+LrzcERzyAl5Cpx1ReAstr1q3GtYMcJXYc1IHc7S9mlHR23DGSawwQ1IObCtVbo6EopiRwnQySVKER2hIBprGiBPp5rNPFPBcKwEME6FfrOBM/TuRIy7lhPu6kyMVyeXaVPyvNshUeOPmNE4zRWJcHgozBlUCp4nAgAqCFZtogrCg2ivEERIIK53bwqZgTFNZujbzp9L3go00mkiKZWHq7OzlpFZJ96pha/7QrLea8xQr4BScgQtgg2vQAvegDToAg2fwAl7Bm/FufBpfxnfZumbMZ47BAoyfXxHOrDc=</latexit><latexit sha1_base64="nJpJ53WW+pG03pcHzGXdBQ/Upak=">AAACOnicbVDLSsNAFJ34rPHV6k43g0VwY0mkoBuh4MZlBfuAJoTJZNIMnUnCzKRYQsCvcasf4I+4dSdu/QCnTRe29cDA4dzXmeOnjEplWR/G2vrG5tZ2Zcfc3ds/OKzWjroyyQQmHZywRPR9JAmjMekoqhjpp4Ig7jPS80d303pvTISkSfyoJilxORrGNKQYKS151RMnSFQ+LrzcERzyAl5Cpx1ReAstr1q3GtYMcJXYc1IHc7S9mlHR23DGSawwQ1IObCtVbo6EopiRwnQySVKER2hIBprGiBPp5rNPFPBcKwEME6FfrOBM/TuRIy7lhPu6kyMVyeXaVPyvNshUeOPmNE4zRWJcHgozBlUCp4nAgAqCFZtogrCg2ivEERIIK53bwqZgTFNZujbzp9L3go00mkiKZWHq7OzlpFZJ96pha/7QrLea8xQr4BScgQtgg2vQAvegDToAg2fwAl7Bm/FufBpfxnfZumbMZ47BAoyfXxHOrDc=</latexit>

Sub-horizon approximation: 

Growth function

Linear growth rate

Initial density contrast�0 :
<latexit sha1_base64="er7koTuNZdb73lX12GVp+PsNIVI=">AAACJ3icbVDNSgMxGEzqX61/rR69BIvgqeyKoHgqePFYwf5Iu5RsNtuGZrMhyRaXpU/hVR/Ap/EmevRNTLt7sK0DgWHm+5LJ+JIzbRznG5Y2Nre2d8q7lb39g8Ojau24o+NEEdomMY9Vz8eaciZo2zDDaU8qiiOf064/uZv73SlVmsXi0aSSehEeCRYygo2VngYB5QYPndthte40nAXQOnELUgcFWsMaLA+CmCQRFYZwrHXfdaTxMqwMI5zOKoNEU4nJBI9o31KBI6q9bJF4hs6tEqAwVvYIgxbq340MR1qnkW8nI2zGetWbi/95/cSEN17GhEwMFSR/KEw4MjGafx8FTFFieGoJJorZrIiMscLE2JKWbgqmTOo8dSV7znMvxZDjVDOiZxXbnbva1DrpXDZcyx+u6s1G0WIZnIIzcAFccA2a4B60QBsQEIEX8Are4Dv8gJ/wKx8twWLnBCwB/vwC+WWlvg==</latexit><latexit sha1_base64="er7koTuNZdb73lX12GVp+PsNIVI=">AAACJ3icbVDNSgMxGEzqX61/rR69BIvgqeyKoHgqePFYwf5Iu5RsNtuGZrMhyRaXpU/hVR/Ap/EmevRNTLt7sK0DgWHm+5LJ+JIzbRznG5Y2Nre2d8q7lb39g8Ojau24o+NEEdomMY9Vz8eaciZo2zDDaU8qiiOf064/uZv73SlVmsXi0aSSehEeCRYygo2VngYB5QYPndthte40nAXQOnELUgcFWsMaLA+CmCQRFYZwrHXfdaTxMqwMI5zOKoNEU4nJBI9o31KBI6q9bJF4hs6tEqAwVvYIgxbq340MR1qnkW8nI2zGetWbi/95/cSEN17GhEwMFSR/KEw4MjGafx8FTFFieGoJJorZrIiMscLE2JKWbgqmTOo8dSV7znMvxZDjVDOiZxXbnbva1DrpXDZcyx+u6s1G0WIZnIIzcAFccA2a4B60QBsQEIEX8Are4Dv8gJ/wKx8twWLnBCwB/vwC+WWlvg==</latexit><latexit sha1_base64="er7koTuNZdb73lX12GVp+PsNIVI=">AAACJ3icbVDNSgMxGEzqX61/rR69BIvgqeyKoHgqePFYwf5Iu5RsNtuGZrMhyRaXpU/hVR/Ap/EmevRNTLt7sK0DgWHm+5LJ+JIzbRznG5Y2Nre2d8q7lb39g8Ojau24o+NEEdomMY9Vz8eaciZo2zDDaU8qiiOf064/uZv73SlVmsXi0aSSehEeCRYygo2VngYB5QYPndthte40nAXQOnELUgcFWsMaLA+CmCQRFYZwrHXfdaTxMqwMI5zOKoNEU4nJBI9o31KBI6q9bJF4hs6tEqAwVvYIgxbq340MR1qnkW8nI2zGetWbi/95/cSEN17GhEwMFSR/KEw4MjGafx8FTFFieGoJJorZrIiMscLE2JKWbgqmTOo8dSV7znMvxZDjVDOiZxXbnbva1DrpXDZcyx+u6s1G0WIZnIIzcAFccA2a4B60QBsQEIEX8Are4Dv8gJ/wKx8twWLnBCwB/vwC+WWlvg==</latexit><latexit sha1_base64="er7koTuNZdb73lX12GVp+PsNIVI=">AAACJ3icbVDNSgMxGEzqX61/rR69BIvgqeyKoHgqePFYwf5Iu5RsNtuGZrMhyRaXpU/hVR/Ap/EmevRNTLt7sK0DgWHm+5LJ+JIzbRznG5Y2Nre2d8q7lb39g8Ojau24o+NEEdomMY9Vz8eaciZo2zDDaU8qiiOf064/uZv73SlVmsXi0aSSehEeCRYygo2VngYB5QYPndthte40nAXQOnELUgcFWsMaLA+CmCQRFYZwrHXfdaTxMqwMI5zOKoNEU4nJBI9o31KBI6q9bJF4hs6tEqAwVvYIgxbq340MR1qnkW8nI2zGetWbi/95/cSEN17GhEwMFSR/KEw4MjGafx8FTFFieGoJJorZrIiMscLE2JKWbgqmTOo8dSV7znMvxZDjVDOiZxXbnbva1DrpXDZcyx+u6s1G0WIZnIIzcAFccA2a4B60QBsQEIEX8Are4Dv8gJ/wKx8twWLnBCwB/vwC+WWlvg==</latexit>

Velocity equation

Standard cosmology: linear perturbation

!5

�m(t, k) = Dm(t)�0(k)
<latexit sha1_base64="k19tu4plyujeKj2XTAX3gZMxvtg="></latexit><latexit sha1_base64="k19tu4plyujeKj2XTAX3gZMxvtg="></latexit><latexit sha1_base64="k19tu4plyujeKj2XTAX3gZMxvtg="></latexit><latexit sha1_base64="k19tu4plyujeKj2XTAX3gZMxvtg="></latexit>

fm(t) =
d logDm

d log a
<latexit sha1_base64="TyjrfBRBpb21DHHyi7E4xRMuWbw="></latexit><latexit sha1_base64="TyjrfBRBpb21DHHyi7E4xRMuWbw="></latexit><latexit sha1_base64="TyjrfBRBpb21DHHyi7E4xRMuWbw="></latexit><latexit sha1_base64="TyjrfBRBpb21DHHyi7E4xRMuWbw="></latexit>

··δm + 2H ·δm − 4πGδm = 0

Baryons and DM follow 
similar equations



Kaiser formula

Pg,s(k; t) =
⇥
bg + µ2fm(t)

⇤2
Pm(k; t)

<latexit sha1_base64="oLTpN/BudgwvVrqPyK/MDWZWTCk="></latexit><latexit sha1_base64="oLTpN/BudgwvVrqPyK/MDWZWTCk="></latexit><latexit sha1_base64="oLTpN/BudgwvVrqPyK/MDWZWTCk="></latexit><latexit sha1_base64="oLTpN/BudgwvVrqPyK/MDWZWTCk="></latexit>

Galaxy PS in redshift space Matter PS in real space

Linear growth rate 
measurable by RSD 
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Okumura et al. (2016)

Standard cosmology: power spectrum

!6

µ = cos ✓ = k̂ · ẑ
<latexit sha1_base64="P6NvSgxVM4lFo1rfXq/bBl7bBrQ="></latexit><latexit sha1_base64="P6NvSgxVM4lFo1rfXq/bBl7bBrQ="></latexit><latexit sha1_base64="P6NvSgxVM4lFo1rfXq/bBl7bBrQ="></latexit><latexit sha1_base64="P6NvSgxVM4lFo1rfXq/bBl7bBrQ="></latexit>

(Kaiser, 1987)

Dependence on the velocity



Non-minimally coupled dark matter: set-up

!7

Action:

GR DE Matter

Sb =

Z
d4x

p
�gLb[g, b]

<latexit sha1_base64="OuoQugLC5m0L4nmK13829U2Lz8o="></latexit><latexit sha1_base64="OuoQugLC5m0L4nmK13829U2Lz8o="></latexit><latexit sha1_base64="OuoQugLC5m0L4nmK13829U2Lz8o="></latexit><latexit sha1_base64="OuoQugLC5m0L4nmK13829U2Lz8o="></latexit>

Baryons: constraints from solar system experiments => minimal coupling

CDM: unknown fundamental nature => non-minimal coupling

Sm = Sb + Sc
<latexit sha1_base64="1oJEwsvxVRKMMa2od/xeQiZEqS0=">AAACCnicbZDNSsNAFIVv6l+tf1WXbkZLQRBKIoLdCAU3LivaWmhDmEwn7dCZJMxMhBKyduOruHGhiFufwJ1v47SNoK0HBj7Oncu99/gxZ0rb9pdVWFpeWV0rrpc2Nre2d8q7e20VJZLQFol4JDs+VpSzkLY005x2Ykmx8Dm980eXk/rdPZWKReGtHsfUFXgQsoARrI3llQ9vvLQnBRIZukA5+xk6+WGSeeWKXbOnQovg5FCBXE2v/NnrRyQRNNSEY6W6jh1rN8VSM8JpVuolisaYjPCAdg2GWFDlptNTMlQ1Th8FkTQv1Gjq/u5IsVBqLMyKVYH1UM3XJuZ/tW6ig7qbsjBONA3JbFCQcKQjNMkF9ZmkRPOxAUwkM7siMsQSE23SK5kQnPmTF6F9WnMMX59VGvU8jiIcwBEcgwPn0IAraEILCDzAE7zAq/VoPVtv1vvsa8HKe/bhj6yPb+Y2mRQ=</latexit><latexit sha1_base64="1oJEwsvxVRKMMa2od/xeQiZEqS0=">AAACCnicbZDNSsNAFIVv6l+tf1WXbkZLQRBKIoLdCAU3LivaWmhDmEwn7dCZJMxMhBKyduOruHGhiFufwJ1v47SNoK0HBj7Oncu99/gxZ0rb9pdVWFpeWV0rrpc2Nre2d8q7e20VJZLQFol4JDs+VpSzkLY005x2Ykmx8Dm980eXk/rdPZWKReGtHsfUFXgQsoARrI3llQ9vvLQnBRIZukA5+xk6+WGSeeWKXbOnQovg5FCBXE2v/NnrRyQRNNSEY6W6jh1rN8VSM8JpVuolisaYjPCAdg2GWFDlptNTMlQ1Th8FkTQv1Gjq/u5IsVBqLMyKVYH1UM3XJuZ/tW6ig7qbsjBONA3JbFCQcKQjNMkF9ZmkRPOxAUwkM7siMsQSE23SK5kQnPmTF6F9WnMMX59VGvU8jiIcwBEcgwPn0IAraEILCDzAE7zAq/VoPVtv1vvsa8HKe/bhj6yPb+Y2mRQ=</latexit><latexit sha1_base64="1oJEwsvxVRKMMa2od/xeQiZEqS0=">AAACCnicbZDNSsNAFIVv6l+tf1WXbkZLQRBKIoLdCAU3LivaWmhDmEwn7dCZJMxMhBKyduOruHGhiFufwJ1v47SNoK0HBj7Oncu99/gxZ0rb9pdVWFpeWV0rrpc2Nre2d8q7e20VJZLQFol4JDs+VpSzkLY005x2Ykmx8Dm980eXk/rdPZWKReGtHsfUFXgQsoARrI3llQ9vvLQnBRIZukA5+xk6+WGSeeWKXbOnQovg5FCBXE2v/NnrRyQRNNSEY6W6jh1rN8VSM8JpVuolisaYjPCAdg2GWFDlptNTMlQ1Th8FkTQv1Gjq/u5IsVBqLMyKVYH1UM3XJuZ/tW6ig7qbsjBONA3JbFCQcKQjNMkF9ZmkRPOxAUwkM7siMsQSE23SK5kQnPmTF6F9WnMMX59VGvU8jiIcwBEcgwPn0IAraEILCDzAE7zAq/VoPVtv1vvsa8HKe/bhj6yPb+Y2mRQ=</latexit><latexit sha1_base64="1oJEwsvxVRKMMa2od/xeQiZEqS0=">AAACCnicbZDNSsNAFIVv6l+tf1WXbkZLQRBKIoLdCAU3LivaWmhDmEwn7dCZJMxMhBKyduOruHGhiFufwJ1v47SNoK0HBj7Oncu99/gxZ0rb9pdVWFpeWV0rrpc2Nre2d8q7e20VJZLQFol4JDs+VpSzkLY005x2Ykmx8Dm980eXk/rdPZWKReGtHsfUFXgQsoARrI3llQ9vvLQnBRIZukA5+xk6+WGSeeWKXbOnQovg5FCBXE2v/NnrRyQRNNSEY6W6jh1rN8VSM8JpVuolisaYjPCAdg2GWFDlptNTMlQ1Th8FkTQv1Gjq/u5IsVBqLMyKVYH1UM3XJuZ/tW6ig7qbsjBONA3JbFCQcKQjNMkF9ZmkRPOxAUwkM7siMsQSE23SK5kQnPmTF6F9WnMMX59VGvU8jiIcwBEcgwPn0IAraEILCDzAE7zAq/VoPVtv1vvsa8HKe/bhj6yPb+Y2mRQ=</latexit>

conformal 
factor

disformal 
factor

Sc =

Z
d4x

p
�g̃Lc [g̃, c]

<latexit sha1_base64="dbaTaaGe5ZxIs0FsNpdaD85eVx4="></latexit><latexit sha1_base64="BrdIFgL44EgnYhnEVRkCMAnZnUs="></latexit><latexit sha1_base64="BrdIFgL44EgnYhnEVRkCMAnZnUs="></latexit><latexit sha1_base64="jrucRB9QPJVknorAgVDzrPMXJP0="></latexit>
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S = ∫ dx4 − g [ M2
Pl

2 R + K(ϕ, X)] + SM



Metric coupling
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Energy-momentum conservation

Gμν = 1
M2

Pl
(T (b)

μν + T (c)
μν + T (ϕ)

μν )

∇μT (c)
μν = − Qϕν

Q = − 1
− g

δ ( − g̃ ℒc)
δϕ

= ∇μWμ − Z

Basic equations

Einstein

□ ϕ − Vϕ = Q
E.o.M.

Z = 1
2A

Aϕ +
AX X (Aϕ − 2BϕX)
A − AX X + 2BX X2 T(c) + Bϕ +

BX X (Aϕ − 2BϕX)
A − AX X + 2BX X2 Tμν

(c)∂μϕ∂νϕ

Wμ = 1
2A [2BTμν

(c)∂νϕ − A − 2BX
A − AX X + 2BX X2 × (AXT(c) + BXTαβ

(c) ∂αϕ∂βϕ) ∂μϕ]

∇μT (b)
μν = 0 ∇μ(T (c)

μν + T (ϕ)
μν ) = 0



Background evolution
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Evolution equations

··ϕ + 3H ·ϕ + V,ϕ = − Q0·ρc + 3Hρc = Q0
·ϕ

Q0 = ρc
·ϕ

dΓ
dt , Γ(ϕ, X ) = ln 2A − AX

·ϕ2 + BX
·ϕ4

A − B ·ϕ2

ρc ∝ a− 3eΓ(ϕ,X) m(ϕ, X) = m0eΓ− Γ0

At classical level, interaction can be interpreted as a 
variation in the coupled particle’s mass 

Background coupling 



(sub-horizon + quasistatic approx.)

Coupled DM: linear perturbation

!10

EoM for the CDM 
density contrast

• Poisson and baryon equations: unchanged

··δc + 2Heff
·δc − 4πGeff ρmδm = 0

• Continuity and Euler equations for CDM: modified

• CDM velocity field

vc(t, k) = − a2H
k2 f eff

c (t) δc(t, k)

Effective gravitational 
constant

Effective Hubble friction

Effective growth rate



Under the hood: perturbed equations
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6

and those for CDM are modified as follows:

�̇c +
k
2

a2
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⇣
�Q�Q0�c

⌘
, (65)
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Q0
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⇣
��� �̇vc

⌘
. (66)

Using �Q given in equation (62), these become
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, (67)
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!#
, (68)

with

⌥1 =
�̇
2

⇢c

AR1

A+R2
, ⌥2 =

�̇
2

⇢c

AR2

A+R2
, ⌥3 =

A�̇
2

⇢c
. (69)

Note that for purely conformal couplings, i.e. AX = B = 0, the functions ⌥1 and ⌥2 vanish. Taking the time
derivative of the continuity equations, (63) and (65), and eliminating the metric perturbations, scalar perturbations,
and velocity terms, we obtain the following second-order di↵erential equations for baryons and CDM, respectively,

�̈b + 2H �̇b � 4⇡G⇢m�m = 0 , (70)

(1�⌥1 �⌥2) �̈c + 2H(1� E1) �̇c � 4⇡G


(1� E2) ⇢c�c + (1�⌥1) ⇢b�b

�
= 0 (71)

where we have introduced two new functions of background quantities,

E1 = ⌥1 +⌥2 �
Q0�̇

2⇢cH
(1�⌥1 �⌥2) +

1

2H
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1�⌥1

!
, (72)
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3

⇢3c
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3

+
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2
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2
3
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#
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IV. EFFECTIVE GROWTH RATE AND REDSHIFT-SPACE DISTORTIONS

In this section we ...
For sub-horizon scales, the system formed by the second-order di↵erential equations (70) and (71) does not depend

on the wavenumber k. Therefore, one can isolate the time dependence from the k dependence of the initial conditions
and express the growing solutions for the baryon and CDM density contrasts as

�I(t,k) = DI(t)�0(k) . (74)

Here, DI(t) is the k-independent growth factor while �0(k) represents the initial density contrasts. Another quantity
useful in describing the evolution of the perturbations is the so-called linear growth rate, defined as

fI(t) ⌘
d lnDI

d ln a
, (75)

which is quantifies the rate of growth in a Hubble time. The continuity equations, (63) and (65), can then be recast
in terms of the growth factors, and the velocity potentials become

vI(t,k) = �
a
2
H

k2
f
e↵
I (t)�I(t,k) . (76)
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and the perturbation of Q is given by

�Q = (R1 +R2)�̇�̇c +Q0�c +R1�̇
k
2

a2
vc +R2

k
2

a2
��� 3(R1 +R2)�̇ ̇�R3�̇�̇

+R4�̇�+R3�̈�+R5
˙��+R6�� , (49)

where

R1 = !1⇢c , (50)

R2 = �!2�⇢c , (51)

R3 = ⇢c�̇!0,X , (52)

R4 = �Q0(!0 + !0,X �̇
2)� ⇢c(!0,� + 3!0,X �̈+ !̇0,X �̇� ⇣0,X �̇) , (53)

R5 = !0,XQ0�̇
2 + ⇢c(!0,� + !0,X �̈+ !̇0,X �̇� ⇣0,X �̇) , (54)

R6 = !0,�Q0�̇+ ⇢c(!̇0,� � ⇣0,�) . (55)

The energy-momentum conservation for baryonic matter yields the standard equation,

�̇b � 3 ̇+
k
2

a2
vb = 0 , (56)

v̇b � � = 0 , (57)

while dark matter follows

�̇c � 3 ̇+
k
2

a2
vc =

�̇

⇢c

⇣
�Q�Q0�c

⌘
+

Q0

⇢c
��̇ , (58)

v̇c � � =
Q0

⇢c

⇣
��� �̇vc

⌘
. (59)

1. Quasi-static approximation

Currently, data coming from galaxy surveys are restricted to scales much smaller than the cosmological horizon.
Moreover, for scales well inside the sound horizon of scalar field perturbations, one can employ the quasi-static
approximation [32]. E↵ectively, this corresponds to dropping time derivatives, with respect to space derivatives, of
metric and scalar fluctuations. In the quasi-static approximation, Einstein equations become constraint equations for
the gravitational potentials � and  ,

k
2

a2
 =

k
2

a2
� = �4⇡G⇢m�m , (60)

while equation (43) gives a constraint for the scalar perturbation,

�A
k
2

a2
�� ⌘ �

✓
A1

k
2

a2
+m

2
�

◆
�� = �Q , (61)

where �Q in the quasi-static approximation is given by

�Q = (R1 +R2)�̇�̇c +Q0�c +R1�̇
k
2

a2
vc +R2

k
2

a2
�� . (62)

In equation (61) we have defined A = A(t, k), which in general depends on the wave-number when the Compton
wavelength of the scalar field is smaller than the Hubble horizon scale. When the scalar field consists of a canonical
kinetic term and the scalar mass scale is irrelevant within sub-horizon scales, then we have A = 1 and recover the
previous results. The continuity and Euler equations for baryon are given by

�̇b +
k
2

a2
vb = 0 , (63)

v̇b � � = 0 , (64)
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and those for CDM are modified as follows:
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Using �Q given in equation (62), these become
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with
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, ⌥2 =
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, ⌥3 =

A�̇
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⇢c
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Note that for purely conformal couplings, i.e. AX = B = 0, the functions ⌥1 and ⌥2 vanish. Taking the time
derivative of the continuity equations, (63) and (65), and eliminating the metric perturbations, scalar perturbations,
and velocity terms, we obtain the following second-order di↵erential equations for baryons and CDM, respectively,

�̈b + 2H �̇b � 4⇡G⇢m�m = 0 , (70)

(1�⌥1 �⌥2) �̈c + 2H(1� E1) �̇c � 4⇡G


(1� E2) ⇢c�c + (1�⌥1) ⇢b�b

�
= 0 (71)

where we have introduced two new functions of background quantities,

E1 = ⌥1 +⌥2 �
Q0�̇
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IV. EFFECTIVE GROWTH RATE AND REDSHIFT-SPACE DISTORTIONS

In this section we ...
For sub-horizon scales, the system formed by the second-order di↵erential equations (70) and (71) does not depend

on the wavenumber k. Therefore, one can isolate the time dependence from the k dependence of the initial conditions
and express the growing solutions for the baryon and CDM density contrasts as

�I(t,k) = DI(t)�0(k) . (74)

Here, DI(t) is the k-independent growth factor while �0(k) represents the initial density contrasts. Another quantity
useful in describing the evolution of the perturbations is the so-called linear growth rate, defined as

fI(t) ⌘
d lnDI

d ln a
, (75)

which is quantifies the rate of growth in a Hubble time. The continuity equations, (63) and (65), can then be recast
in terms of the growth factors, and the velocity potentials become

vI(t,k) = �
a
2
H

k2
f
e↵
I (t)�I(t,k) . (76)
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Ȧ⌥2

⌥2
3

+
2Q2

0�̇
2

⇢3c⌥
2
3

(⌥2 +⌥1⌥3 +⌥2⌥3 �⌥3)

#
. (73)

IV. EFFECTIVE GROWTH RATE AND REDSHIFT-SPACE DISTORTIONS
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Continuity & Euler: EoM for the scalar field (QS approx.)

EoM for the CDM density contrast



Coupled DM: linear perturbation
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Velocity field vm(t,k) = �a
2
H

k2
f
e↵
m (t) �m(t,k)
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Actual growth rate
DM-DE coupling effect 

depending on the 
conformal and disformal 

functions
fm =

d logDm

d log a
<latexit sha1_base64="58gFRA+5viMntSRTo0I/nREXsV8="></latexit><latexit sha1_base64="58gFRA+5viMntSRTo0I/nREXsV8="></latexit><latexit sha1_base64="58gFRA+5viMntSRTo0I/nREXsV8="></latexit><latexit sha1_base64="58gFRA+5viMntSRTo0I/nREXsV8="></latexit>

f e↵
m = fm +�f e↵

m
<latexit sha1_base64="k1BkzcANE4x/+CJ3wAGfUxJvGVs="></latexit><latexit sha1_base64="k1BkzcANE4x/+CJ3wAGfUxJvGVs="></latexit><latexit sha1_base64="k1BkzcANE4x/+CJ3wAGfUxJvGVs="></latexit><latexit sha1_base64="k1BkzcANE4x/+CJ3wAGfUxJvGVs="></latexit>

CDM’s continuity & Euler 

eqs are modified
ρmδm = ρbδb + ρcδc

ρmvm = ρbvb + ρcvc

Evolution of total matter is modified

RSD probes  velocity, so….
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Cold dark matter

Total matter

f eff
m = ωcDc f eff

c + ωbDb f eff
b

ωcDc + ωbDb
= fm + ωc

Dc

Dm
Δfc − ωb

Q0
·ϕ

Hρm

Dc − Db

Dm

Δfm

f eff
c = fc − Υ2

1 − Υ1 (fc − Q0
H ·ϕ )

Δfc

Υ2 = Υ2(AX, BX, . . . )

A(ϕ), B(ϕ) ⇒ Δfc = 0

X-dependent 
contribution

BG coupling

Coupled DM: effective growth rate



Coupled DM: power spectrum
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Pg,s(k; t) =
⇥
bg + µ2f e↵

m (t)
⇤2

Pm(k; t)
<latexit sha1_base64="bZly34r56QLq4QJbxKGms5t4490="></latexit><latexit sha1_base64="bZly34r56QLq4QJbxKGms5t4490="></latexit><latexit sha1_base64="bZly34r56QLq4QJbxKGms5t4490="></latexit><latexit sha1_base64="bZly34r56QLq4QJbxKGms5t4490="></latexit>

Standard scenario (minimally coupled DM)

Coupled DM

Dm = Dc = Db
<latexit sha1_base64="i8IcVrVhWOraJZ0OovJAif6w7Yg=">AAACQXicbZC7TsMwFIadcivh1sLIYqiQmKoEIdEFqRIMjEWiF6mNIsdxW6t2EtlORRRl5mlY4QF4Ch6BDbGy4DYZeuFIlj795xz79+9FjEplWZ9GaWNza3unvGvu7R8cHlWqxx0ZxgKTNg5ZKHoekoTRgLQVVYz0IkEQ9xjpepO7Wb87JULSMHhSSUQcjkYBHVKMlJbcytm9mw4EhzyDt7BgvMBe5lZqVt2aF1wHu4AaKKrlVo3ywA9xzEmgMENS9m0rUk6KhKKYkcwcxJJECE/QiPQ1BogT6aTzv2TwQis+HIZCn0DBubq4kSIuZcI9PcmRGsvV3kz8r9eP1bDhpDSIYkUCnD80jBlUIZwFA30qCFYs0YCwoNorxGMkEFY6vqWb/CmNZO7aTJ9z30s2onEiKZaZqbOzV5Nah85V3db8eF1rNooUy+AUnINLYIMb0AQPoAXaAIMX8ArewLvxYXwZ38ZPPloyip0TsFTG7x89lq7I</latexit><latexit sha1_base64="i8IcVrVhWOraJZ0OovJAif6w7Yg=">AAACQXicbZC7TsMwFIadcivh1sLIYqiQmKoEIdEFqRIMjEWiF6mNIsdxW6t2EtlORRRl5mlY4QF4Ch6BDbGy4DYZeuFIlj795xz79+9FjEplWZ9GaWNza3unvGvu7R8cHlWqxx0ZxgKTNg5ZKHoekoTRgLQVVYz0IkEQ9xjpepO7Wb87JULSMHhSSUQcjkYBHVKMlJbcytm9mw4EhzyDt7BgvMBe5lZqVt2aF1wHu4AaKKrlVo3ywA9xzEmgMENS9m0rUk6KhKKYkcwcxJJECE/QiPQ1BogT6aTzv2TwQis+HIZCn0DBubq4kSIuZcI9PcmRGsvV3kz8r9eP1bDhpDSIYkUCnD80jBlUIZwFA30qCFYs0YCwoNorxGMkEFY6vqWb/CmNZO7aTJ9z30s2onEiKZaZqbOzV5Nah85V3db8eF1rNooUy+AUnINLYIMb0AQPoAXaAIMX8ArewLvxYXwZ38ZPPloyip0TsFTG7x89lq7I</latexit><latexit sha1_base64="i8IcVrVhWOraJZ0OovJAif6w7Yg=">AAACQXicbZC7TsMwFIadcivh1sLIYqiQmKoEIdEFqRIMjEWiF6mNIsdxW6t2EtlORRRl5mlY4QF4Ch6BDbGy4DYZeuFIlj795xz79+9FjEplWZ9GaWNza3unvGvu7R8cHlWqxx0ZxgKTNg5ZKHoekoTRgLQVVYz0IkEQ9xjpepO7Wb87JULSMHhSSUQcjkYBHVKMlJbcytm9mw4EhzyDt7BgvMBe5lZqVt2aF1wHu4AaKKrlVo3ywA9xzEmgMENS9m0rUk6KhKKYkcwcxJJECE/QiPQ1BogT6aTzv2TwQis+HIZCn0DBubq4kSIuZcI9PcmRGsvV3kz8r9eP1bDhpDSIYkUCnD80jBlUIZwFA30qCFYs0YCwoNorxGMkEFY6vqWb/CmNZO7aTJ9z30s2onEiKZaZqbOzV5Nah85V3db8eF1rNooUy+AUnINLYIMb0AQPoAXaAIMX8ArewLvxYXwZ38ZPPloyip0TsFTG7x89lq7I</latexit><latexit sha1_base64="i8IcVrVhWOraJZ0OovJAif6w7Yg=">AAACQXicbZC7TsMwFIadcivh1sLIYqiQmKoEIdEFqRIMjEWiF6mNIsdxW6t2EtlORRRl5mlY4QF4Ch6BDbGy4DYZeuFIlj795xz79+9FjEplWZ9GaWNza3unvGvu7R8cHlWqxx0ZxgKTNg5ZKHoekoTRgLQVVYz0IkEQ9xjpepO7Wb87JULSMHhSSUQcjkYBHVKMlJbcytm9mw4EhzyDt7BgvMBe5lZqVt2aF1wHu4AaKKrlVo3ywA9xzEmgMENS9m0rUk6KhKKYkcwcxJJECE/QiPQ1BogT6aTzv2TwQis+HIZCn0DBubq4kSIuZcI9PcmRGsvV3kz8r9eP1bDhpDSIYkUCnD80jBlUIZwFA30qCFYs0YCwoNorxGMkEFY6vqWb/CmNZO7aTJ9z30s2onEiKZaZqbOzV5Nah85V3db8eF1rNooUy+AUnINLYIMb0AQPoAXaAIMX8ArewLvxYXwZ38ZPPloyip0TsFTG7x89lq7I</latexit>

f e↵
m = fm
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RSD measures the effective growth rate 
(actual growth rate + DM-DE interaction) 

Modified Kaiser formula vm ∝ f eff
m

f eff
m = fm + Δfm

Growth function & 
growth rate

Discriminating growth and coupling with RSD: 

- multiple z measurements /  

- Cross correlation with other proves (e.g. weak lensing)



Concrete examples
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• Canonical scalar field 

g̃ μν = Ag μν + B∂μϕ∂νϕ

L� = �1

2
@µ�@µ�� V (�)

<latexit sha1_base64="eHS3yxXpXKL2PHUs6Khiil+jhFU="></latexit><latexit sha1_base64="eHS3yxXpXKL2PHUs6Khiil+jhFU="></latexit><latexit sha1_base64="eHS3yxXpXKL2PHUs6Khiil+jhFU="></latexit><latexit sha1_base64="eHS3yxXpXKL2PHUs6Khiil+jhFU="></latexit>

V (�) = V0�
�n, n > 0

<latexit sha1_base64="0zqroVT8APe7rc0ilNgIC6rPFms="></latexit><latexit sha1_base64="0zqroVT8APe7rc0ilNgIC6rPFms="></latexit><latexit sha1_base64="0zqroVT8APe7rc0ilNgIC6rPFms="></latexit><latexit sha1_base64="0zqroVT8APe7rc0ilNgIC6rPFms="></latexit>

• Coupling

No interaction at 
background level

(Amendola, 2000 )Model I (conf.)

Model II (conf.)

Model III (disf.)

MPl = 1

A(ϕ) = e− 2αϕ, B = 0

A(ϕ) = e− αϕ2, B = 0

α :

A = 1, B(X) = α
X

coupling constant

Tracking behavior
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Model I: perturbation

··δc + 2H (1 − ℰ1) ·δc − 4πG [(1 − ℰ2) ρcδc + ρbδb] = 0Evolution of perturbation

ℰ1 = α
2

·ϕ
H

ℰ2 = − 2α2

Effective H

Effective G

=> less frictionα > 0

=> scalar fifth-force (attractive)

constant:ℰ2

interaction affects 
growth even at early 

times

=> Growth 
enhancement

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5
N

0.0002

0.0004

0.0006

0.0008

0.0010

Δfm/fm
Model 1

α= 0.05
α= 0.075
α= 0.1

Δfm
fm



Model II: perturbation
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··δc + 2H (1 − ℰ1) ·δc − 4πG [(1 − ℰ2) ρcδc + ρbδb] = 0Evolution of perturbation

ℰ1 = α
2

ϕ ·ϕ
H

ℰ2 = − 2α2ϕ2

Effective H

Effective G

=> less frictionα > 0

=> scalar fifth-force (attractive)

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5
N

10-8

10-7

10-6

10-5

10-4

10-3

Δfm/fm
Model 3

α= -0.1
α= 0.05
α= 0.1

At early times: ℰ1 ≈ ℰ2 ≈ 0

interaction 
affects only late-

time behavior

=> Growth 
enhancement

Δfm
fm



Model III: disformal coupling
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A(ϕ) = 1, B = α
X

Conformal/ disformal functions Q0 = 0 Coupling only at 
pert. level

··δc + 2H (1 − ℰ1) ·δc − 4πG (1 − ℰ2) ρmδm = 0

ℰ1 = −
2α2ρc

·ϕ (3 ·ϕ + 2Vϕ)
H ( ·ϕ2 − 2αρc) [(1 − 2α) ·ϕ2 − 2αρc]

Effective H

Effective G

ℰ2 = 2α ·ϕ2

·ϕ2 − 2αρc

c2
s > 0 ⇒ α <

·ϕ2

2ρc

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5
N

-0.10

-0.08

-0.06

-0.04

-0.02

Δfm/fm
Model 2

α= -0.01
α= -0.05
α= -0.1

Effect of disformal coupling: 
Suppression of growth 

Δfm
fm



Forecast: Fisher matrix analysis

!19

F↵� =
X

zi

Z kmin

kmin

d3k

(2⇡)3
Ve↵(k, zi)

@ lnPobs(k, zi)

@✓↵
@ lnPobs(k, zi)

@✓�

Galaxy survey: 


• Phase two of the Square Kilometer Array project (SKA2)

- Network of radio telescopes in South Africa and Australia

- Beginning: 2025

- Survey specifications based on Yahya et al. (2015) 

• Euclid space satellite

- Estimated launch: 2021

- Survey specifications based on Amendola et al. (2018)


Fisher matrix analysis: 

Estimating the constraints from a future experiment

Pobs(~k, z) = NAP(z)
�
b+ f e↵

m µ2
�2

Pm(k, z)e
�k2µ2�2

NL .
<latexit sha1_base64="fZMvJIeknvJCSyFmTT/K99jgSzo="></latexit><latexit sha1_base64="fZMvJIeknvJCSyFmTT/K99jgSzo="></latexit><latexit sha1_base64="fZMvJIeknvJCSyFmTT/K99jgSzo="></latexit><latexit sha1_base64="fZMvJIeknvJCSyFmTT/K99jgSzo="></latexit>



Forecast: results
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1

TABLE I: Fiducial parameters.

Parameter Value Obs.

h 0.67

⌦bh
2 0.0222

⌦� 0.6817

↵ 0.04 Model I

↵ 0.04 Model II

↵ -0.1 Model III

�8 0.834

ns 0.962

�NL 7 Nuisance param. [Mpc]

I. DISCUSSION

The redshift window that SKA and Euclid can make measurements are di↵erent. In particular, SKA is sensible

to much lower redshifts. Therefore, if the coupling is e↵ective/active (i.e. changes the evolution with respect to the

uncoupled case) in the redshift region that is not surveyed (outside the window), the survey will be insensitive to the

change in the coupling constant. That happens in disformal model III.
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Appendix A: Dispersion relation

The equation of motion for the perturbation of the canonical scalar field is

��̈+ 3H��̇+

✓
k
2

a2
+ V��

◆
��� �̇

⇣
�̇+ 3 ̇

⌘
+ 2V�� = �2Q0�� �Q. (A1)

In particular, for model 2 we have,

Q0 = 0, �Q = 2↵
⇢c

�̇2

k
2

a2

⇣
�̇vc � ��

⌘
, (A2)

and since there is no anisotropic stress, � =  . Hence, eq.(A1) becomes

��̈+ 3H��̇+


V�� +

✓
1� 2↵

⇢c

�̇2

◆
k
2

a2

�
��� 4�̇�̇+ 2V��+ 2↵

⇢c

�̇

k
2

a2
vc = 0. (A3)

Model ↵ (Fid.) Survey 103 ⇥ �(↵) 104 ⇥ �(h) 104 ⇥ �(⌦bh
2) 103 ⇥ �(⌦�) 103 ⇥ �(�8) 103 ⇥ �(ns)

I 0.04
Euclid 5.90 9.87 2.90 2.38 6.12 4.22

SKA2 3.72 5.55 1.79 1.13 3.30 2.32

II 0.04
Euclid 26.37 6.37 1.52 1.16 4.29 3.38

SKA2 19.99 3.75 1.02 0.80 2.97 2.49

III -0.1
Euclid 15.00 5.99 1.43 1.28 4.26 3.55

SKA2 5.36 3.64 0.99 0.88 2.85 2.55

~15% 
~ 9%
~66% 
~50%
~15% 
~5%

~50%

Ade et al. (2016)

Model III



• Conformal/disformal metric couplings: possibility of 
defining all evolution equations without specifying the 
DM component


• Effective growth rate: measured by RSD


- combination of the actual growth rate & DM-DE 
interaction effects


• Future galaxy surveys: possibility of putting constraints 
on the interaction (~9%)

Summary
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Thank you!


