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Why non-linear GR perturbation theory?

e All observable structure from perturbations

@ Technical developments, e.g. search for nG in CMB
@ Planned galaxy surveys cover huge volume

@ GR (or any modification) becomes relevant
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Why gravitational waves?

@ Anew window to the universe only through GR
@ Detected by LIGO (GW150924): binary BHs with ~ 30M,
o Can affect structure formation
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We need to understand GWs more exactly
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ADM formulation and cosmological perturbations

ds® = —N?(dx")* + hyj(N'dx® + dx’) (NVdx® + d)

= —a2(1 + 2a)d1]2 - ZaXidndxi +d [(1 + 2(,0)5,7 +2y,i+ ZhE% +2GC;; dxidx
Nidx®

/ Constant-time

xt xt + dxt hypersurface

Finding the exactinverse metric h¥ with hikhkj =6 jis essential
(e.g. g% = h/N;/N?)
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Exact equations for tensor perturbations

“Exact” inverse spatial metric

ni= —617 +HY where HY=-2 (1 +2¢)CT - 2C*0)

@1+ 2¢) (1+2¢)2—2CkCy

Equation of tensor perturbations (and other traceless components)
are contained in the trace-free part of the equation of h;;
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2nd order equation for tensor perturbations

Expanding up to 2nd order [7;;: 2nd order terms iwangNoh 2007
0ji
7 [0-3)

. . A
+ hij + 3Hh,'j - ?hij - 87‘[GH§.;) = njj

li(d )J—a—¢@-8nGI|+—
ade' X ¢ a

1d )
a dt (ax(lﬁ) 8”Gn(lﬁ]

Applying the projection operator Pijkl singles out only tensor parts:

Juj+3Hhy; + hl] —~8nGII) = s
sj=Py* nkl

_ 1 _
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Secondary GWs from scalar perturbations

Induced GWs from scalar perturbations in previous studies
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@ Generation in matter-dominated epoch
@ Newtonian gauge results (Mollerach et al. 2004, Baumann et al. 2007, Ananda et al. 2007...)

e Extended to gauge-ready form only recently iwang jeong & Noh2017)
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Induced GWs are not negligible but even dominant on small scales

(Hwang, Jeong & Noh 2017)
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Contributions to secondary GWs

Scalar perturbations are not the only source for the induced GWs

@ Scalar-scalar: it's done

1 d
(sv) _ . . oy yi— kg..
@ Scalar-vector: ;= dt[u(x(l,])a+2(px(l,])+(p,])(l+<p,l)(j @ KX 6,])] +
© Scalar-tensor:
(sH) _ 1 d a3 . . 1 k k
n = B Gija+2 ((pCij] +—2Cl. Xk + (C,k]+C Cij,k) +

@ Vector-vector: ”(]W) u4)( Fxe ikt a4(7( Xkijt X z?(k])

@ Vector-tensor: () = i { [Zhl XGo+X (hzk]+h hyk)]}*’

Y
@ Tensor-tensor: n(]” [a3(h khjk” - % a% % [ﬂa(hklhkl” +
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Simplifications for secondary GWs

There are several simplifications
e Without (vector type) anisotropic stress, y; = 0: no vector
@ In MD, scalar all i.t.o. initial curvature perturbation
o Evolution of (linear) GWs during MD is well-known
Induced GWs from (tt)-(tt), (ss)-(tt) and (st)-(st)

All the necessary pieces are already there!

(and we are working hard...)
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Conclusions

@ Need to understand cosmological perturbations more exactly
e Non-linear regime / GR context
e Structure formation involves non-linear evolution
e Galaxy surveys probing huge volume
e Exact non-linear equations are presented
e From exact inverse spatial metric & ADM eqs
e Can be applied to extreme situations
@ Induced gravitational waves

e Sourced not only by scalar-scalar, but also by tensor-tensor,
scalar-tensor...
e May dominant on small scales — report under progress
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