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Field e?aaf/oné " /":93" —order 3rawty

le?d wus consider 2he action enth curvatere inwariarts

F N @°oe

s= [ d'av=as(R P,Q)

\/ary/rg eoith respect o the metlric, one 3&2‘6

Zhe fie/d e?é(df Jons

1
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Field e?aaf/ons " /":93’" —order 3ra\/zfy

Ta,éng the Crace
p

O (F + ?R> = % (2f — RF — 2V, Vi((fp + 2fQ)R™) — 2(fpP + fQQ))
I woe define
dVv’
2 and — =
C=F+3(fp+fo)R 75 = S @
a -
We get a K/ein—-Gordon eguation dV
for the scalar Field P = — -
dd
o
y @
7o Find the various GW rodes, we

need o linearize 3/‘&/1‘5}/ about a

M/‘n(owéé/‘ 5&6%3}-0&070’ g qg py — n Y + h LV

O =Py + 0P
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Freld e?aaz‘/ons '’ /7{9¢r —order 3rav/fy

Neﬂef 5(1)—6F—|—g(5f + S fo)R +2(f + f OR
= (0P Q) + S (fPo Qo)OR

\T

Ro = R(nuw) = Oi fpro = g}fﬂnw

dencte the £irst order perturébdadtion on the Kicci scalar thad,
afler perturbing the Kiemann and Kicci tensors, are given by

SR, po = % (0pOvhpye + 050, hyp — 050, hyp — 0p0uhy o)
1

SR, = 5 ((")c,("),,hau + 050,,h°, — 0,0, h — Ohy,,)

OR = 0,0,h*"" — UOh

h = nt" h’“”l
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The £irst Zernr /s LOF

«
(5F — F,RO (SR

are Sec.ond order




érd\/l‘faf rona/ Waves

And...

. 2 ‘
oD = (F,RO + §(fPO + fQO)) oR

The Klein—-GGordon e?aaz‘/on for the scalar perz‘aréaz‘ion

06 =

1
3

Fy
5 — Z6R™ 0,0, (fro +2fq0) — 50RO fpo +2
F ro+ 3(fro + foo) b(fPo +2fqo) — (frPo+2fqo) =

m26®

v

We define the scalar mass of gravitational modes as

_Fo
F ro+3(fro+foo)

2 1
ms 3

=0 \5;’7C€ fPO) fQO are C'/O/?\Sf\s.




érd\/l‘faf rona/ Waves

Perfaréing Zhe Field e?aaz‘/ons ) ewe 3@2‘ :

) 1 ) L 2 .
Fo(0Ruy — 577#1/0}?) = —(NuUd — 0,0, ) (0P — ._(fPO + fQo)oR)
_77uuaa8b(fP05Rab) (fPOOR;w) + 20 db(fPO SR (,u ,/) + 2fQO (5Ra(#,,)b)

I? is comvement Zo a.)or.é in Foutrier Space So ¢hat

Oy = ikl | st |Ohpy — —k2hy

T hen the above e?aaz‘/ons becorme

A 1 ) i 2 .
FO(OR[LV — 577111/0}?) = (7]“,/162 — A ky ) (0D — _(fPO + fQO)OR)

+1uvkake(fPod R®) + K (fpod Ryy) — 2kaks(fpo 0R%,0%,)) — Akaks(fqo OR%,,))




érd\/l‘faf rona/ Waves

We can rewrite the rmetric perz‘arédf/on as _ h

huy = hyy — 5 Nuv + N hy

and wse the gauge:

0, h"" =0| and |h =10
The £irst of these conditions implies that |k 0 B’“’ — ()

while the second 3/!/35 h,uu — B,LLI/ + Ny hf

h = 4hy
and e have
1 —
0B = 3 (kv hg + K2y + k2R

6R = 3k*h;

kaks 6R" (uV)B - _% ((k477;w — kaukV)hf + k4BW)
. 3

kaky OR,0",) = Sk kyukyhy




Gravitational Waves

afler Some algebra, we get

L2 o padPot 0o 5 k2 k)2 (ank? — Kk )by
2 Fy Fo

Zhe periaréaﬁon e?aaf/‘Oh IS

.4 — _@
(k2 + ;\ ) ]_2“,, =0 h/f T F()
\Tn’spz'n2
2 _— Fo
Mspin2 = ~ Fpo+4fqo

we have a modified dispersion relation which
Corresponds o a massless spin-2 field (f2=0) and a
»MaASSive 2—5//‘/7 3/7062‘ rode

|E2 — Fo = —m?

5 fPo+2fqo spin2




6[‘4\/1‘2‘42( rona/ Waves

note that ¢he propagator for | hwlcan de rewritten as

1 1
G<k)o</<:_2_k2—l—m

spin2

Zhe second Zerrn has Che OPPOS;Z(Q 5{9/7, which
indicates the presence of a ghosT

Also, we can see that for the Garss-Bonnet

Zerm
Lop =Q—4P+ R? )
Too :1| Po— We have

k2—/—2.u,, = 0

ﬁna//y we obtan
in Chis case we Aave rno 3/7052‘5 as expected
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— GF

kA _ /
k2 + —— | hy =0 Soletions are
T pind Slare wares

Ohy = m2hy

=

hyw = Auw(p)-exp(ik®zy) + cc

—>

hy = cexp(iq®ry) + cc

Note:
THhe velocidy of any ordinary” mode | hyy
1S Zhe /Ig/zz‘ Speed

Betd.... the dispersion lacw For 2he rodes

of Apis that of a massive Field
which can be considered like a wa/e—pacéez‘

‘\MQSS e mode /

D Spertion reladions

o — - — 2 2
k= (wmspin2" p ) Winping — V 777“spin2 +p

7“ = (Wm., P) Wm, = \/m2 + p2.

The hpeave-packel group-speed, centered in p, is

je=L2
w

02 —m2
vVe=———
0

m=,/1-viw.
G bev<m 10~33 ﬂ



Polarization stales of (GLJs

THhe above ewo conditions depend on the value of £

For £2=0 nrode a massless Spin-2 Field with two
‘ /na/e/oena/enz‘ /oo/ar/zaz‘/ons p/as a scalar
mode

For £2 #0 mode a massive spin-2 ghost mode and
Z2here are Five independent po/dh‘zaf/on
i lensors plus a scalar mode

-

Q -




First case: massless SpIn-2 modes

In the z direction, a qauge in which only A, A22, and A2 = A
are different from zero can be chosen. The condition A = 10,

gives Al = -A22.

In 2his Frame we may Zake the polarization bases defined in

ths way
" 1 1 0 0 0 1 010 (o) 1 000
e =—"_10_-10 )= —_ 100 e®=—"1o000
8 \/i 0O 0 O 8 \/E 000 8 \/§ 00 1

.Zhe charactleristic 62/)7/9/ 1Z¢tde

hu(t,z) = AT (t — z)eﬁ) + A% (t — 2)e

Zwo standard polarizations
of GW arise Fronr (3K

Zhe massive £field ar/s/ng
from the 3ene/-/c /[/:9/78/‘ —order
f/?eo/‘y

S.Capozziello, C. Corday, M. De Lavrentis: PLB 469 (2008 255




Sec.ond case’ MasSsSive S //‘n—-,? modes

owoe have Six po/ar/‘zaz‘fons defined Ay

W1 (Lo W1 (010
et)=— 10 —-10 eX)=—"1100
v uv

v2\o0 0 o V2 \ 00 0
w1 (001 o 1 (000
e(B) — 000 | ~——~loo1
ov2 100 oVv2 o1 o

..and Che amplidude in Lerms of the ¢ polarization states as

huy(t, z) = AT (t — 'UGS2Z)6£;;) + A (t — 'l.zGS2z)eL>;) - BB(t — -z.vGSzz)eLg)

—I—C’C(t — 1.-'082/:)6/(5) — DD(t — -'UGSQZ)efB) + he(t — 'l"GZ)GZV'

1S Che group velocity of the massive w2 —m3,
Sp/‘n—',? field and it /s 31'\/317 Ay > B w




Polarization modes of (GL)s

Displacement induced by each Y o
mode on a sphere of Zest ) // \\ / "j
particles. / s =. / .

The wave propajafe\s owt of the @ !
plane in (2, (8), (), et 2 —
and it Propa ates 1n the p/ane ) / -\

(d), (&) and (£). \

-
-

o’

-~ -
- -
........

In (@) and (8) we have respectively x y
Che plets mode and cross mode, in S ‘\ 7 \
() 2he scalar mode, in ( c/), (e) and / K / k!

(Af/?eD,Bandeode. L‘/ L/

C. Bogdanos, S.Capozziello, rentis, S. Nesseris, Astrpart. Phys. 39 (2010) 23¢




(FHhost rodes

The presence of 3/105z‘ modes may Seem a /%zz‘/zo/ogy
fror a ?aanz‘am—mec/zan/ca/ Vieepornt

7 he 3/7062‘ mode can be viewed as eilher a particle state of

poSItive enerqy and neqative proéaéi//z‘y density g

or

poSIitive proéaé//izy density state ewith a neqgative enerqy

e

G - i @@5 and electrons in servconductivity!.




(FHhost rodes

* The presSence of such guasi-particle induces
aniz‘m/z‘y violation.

o The negaz‘i\/e enerqy States /ead 2o an wunbocnded
f/?eoly w/?ere Z‘/‘Ie)‘e 1S no M/h;/)?a/ energy and Z(/‘Ie
System Chus becomes unstable.

o The vacuurm can a/eC’,@/ 1nlo pairs of’ ora//nary and
ghost gravitons leading to a catastraphic instabilidy

@ *




44«.)% ot

* Imposing a very weak coap//lg of’ 2he ghost with 2he rest of
2he pardicles in the theory, such that the decay rate of /e
vacuwm becones cOmparaA/e Zo the inverse of the Yubble scale
COMI'/B out of the horizon.

o The Zoday observed vaciuum state becomes safﬂcienz‘/y stable.

THhis is not aviable option in our Zheory, since the 3/705i Stales
come out in the 3)‘62\//2‘62&‘0/762/ sector, which couples to all kinds of
malter. This solution seems physically and mathematically wunlikely
sSince ghost graitons should couple differently than the stardard
massless gravitons (exotic forms of matter???).

o G 6




4 55&(/»‘7/‘129 that this pidare does not /70/.:/ uUp at aréitrari/y /1/:9/1
energes and that @ some cidoff scale M.,z Che Cheory gels
modified qppropriately as 2o ensure a ghost—~ree behavior
and a stable 3roa/7a/ State

This can happen for example if we assume that Lorentz
iwvariance 1S violated a¢ M oLt AP i/}ereéy I‘eSfrch(/ng any
ptentially harmtul decay rates (K. Emparan and J. Garriga,
FTHEP 0603 (2006) 023)

G Forthaoming answers at LHC (CERN) where gravitational massive

States are ex,vecz‘ed a M., .= 1+10 TeV
S. Capozziello, G. Basiniy, M. De Laurestis EPIC 1 (201 1629

o

-



(FHhost rodes

7 he presence of massive 3/7052( 3rca/lhz(on5 would induce on
interferometers the same effects as an ordinary massive 5ra/fz(on
Zransrutting The perlurbation, but ewith the cpposite Sign in Zhe
displacerent.

7ida/ Sz‘rez‘c/'p’;g from a polarized wave on the polarization plane
ewil! be Zuurned into Shr/’n.@‘/g and viceversa.

Ths 5/:91762/ eorl/ , al Zhe end ) be a Sdperpo\s:'f/on of the
a//\Sp/ acements COM/'ng £ront Zhe ora//ndry rmassless Spin-2 3/‘62\//2‘0175
ard the massive ghosts.

Since thesSe induce Zwo competing effects, ¢/ns Fact will /ead Zo a
les5s pronounced 5/:9/7&/ 2han Cthe one we woulld expect if Che 5/706f
mode was absent, Seff/ng in s way less Severe constrants on

ZA e Z‘/?eory

The presence of the new modes will also affect Che ¢ota/ energy
density carried by 2he gravitationd) waves and 2his may also gppear
as a candidate 5{9/7&/ n Stochastic Aac(/groands, as we ewill see in
Zhe £ol/. oa)/'ng



Deleclor res ponse

Now one can Study the detector response Zo each <7
polarization without specifling, a priori, the theoretical mode/

..Zhe a/ga/ar paltern function of a detector to GWs 1s

\I_)\z §[u=«>u—V-{>v] rovelonath 2had e are
y ia,é/rg into accowunt

A . A holds on/y when the arrt / ehjiﬁ
FA(Q) = D: eA(Q) ) of Che delector 1s sraller and
smadller than the Gu

A= +., X, B . C, D .S delector tensor = response of a laser—interferometric detector

A ;
mMaps Zhe melric perfdrédf/on n a 5{9’7&/ on
the detector
vAvA 0 |
[~ :
LV . > THis is relevant for a/ea//rg eith 3}-04(/70’—54530/
<1> b : laser interferometers but s condition could

'\k not be valid when dealing eoith space

interferometers like LISH



Deleclor res ponse

2he coordinate system for Che G, rotated Ay anj/es (6, ), I~

u’' = (cosfcos ¢, cos b sin ¢, —sin 6)
v = (=sin ¢, cos ¢, 0)
w’ = (sin @ cos ¢, sin # sin ¢, cos 0)

The rotation with respect o the a/g/e Y , arowund the GN—propagaz‘i/g
axis, 3:‘1/&5 the rost 3enera/ choice for the coordinate system

m = 0’ cost) + v/ sin h
n=—v'siny + u cos ey = ﬁ(rh@rh—ﬁgoﬁ),
Q=w 1
ex = \/—§(Iil®fl+fl®ﬁl),
1 . .
ep = ﬁ(m@cfnﬂxm) ,
1 .
ec = —(n>¢9+ﬂ®n> )
Che polarization tensors are ﬁ ﬁ
3/m m n n - A
- Y2 (mom o non 600
€ep 2(2@_@24—2@: +é§)
1 .
6 = —— Qm)
S \/5(




Deleclor res ponse

Zhe a/ga/ar patterns for each polarization

F (0,0,0) = %(1 + cos? 0) cos 2¢ cos 21
— cos @ sin 2¢sin 21,
Fy(0,0,0) = —%(1 + cos? 0) cos 2¢ sin 21
— cosfsin2¢ cos 21,
Fp(0,0,1) = sinf (cosfcos2¢costy —sin2¢sin)) |
Fo(0,0,1) = sinf (cosfcos2¢sin + sin 2¢ cos 1)) |

V3
Fp(0,¢) = ;/—2— cos2¢ (6 sin® 6 + (cos 20 + 3) cos 21))

1
F.(0,0) = 7 sin? 6 cos 2¢ .




7T he stochastic Aac.@roand of (GL)s

The contribedions to Zhe 3}‘63//%622‘/0/762/ radiation Ciom/lg £ront /1{9/1&/‘
order 3)‘63//2‘}/ cowld be ef'ﬂc’,/eni/y Selected 1£ it would be /9055/5/3 Zo
/‘Wesz‘/:gdfe 3)‘6?.\/;2(62‘;01762/ SouUrces in e)(éreMe/y 52‘)‘0}73 £ield re_gfme\s .

The Furdher polarizations C’,OM;Ig Front Zhe /11:9/731-
order contributions could be, in principle, imvestigated
Ay Zhe response of a 5/173/3 G W detector

7T Ae on/y realistic c;ﬁproac’/'l Zo
/’We\SZ‘/:gaz‘e Chese Further contribedion
Seens the 605»70/03/662/ Aacégroand

stochastic background of Guls



7T he stochastic Aac.@roand of (GL)s

G backgrowund can be rowughly divided into two classes of

pﬁenomena 3

* Zhe éMgroaM 3eneratea/ éy 2he incoherent Superposition of
3/-@//(5((/0/7&/ radiation esrntded Ay /arge /90/94(/ ations of asirop/?ysica/
Sources, and

* 2he primordial Gu/ 5&6(5/‘0&070’ 3eneraZ‘ea’ 5}/ processes in the early
cosmologcal eras

it can be described and characterized by a dimensionless spectrum

]. d P Sgw enerqy densidy of’ part of the gravitationa/
ngw (f) - ) radiation contained in the freguency range +
pe dln f to £+ df.

. 3H 3 2oday observed Yubble expansion rate
Pc =
8rG

Z‘Od@/ cerdica enersy a/el‘}SI‘t}/ of’ Che Urnverse



The stochastic Aac.(’groand of GGLs

The GW stochastic backgrowund energy density of all modes can be

wrtlen as

A — O+ X B C D 8
— W ey
= '3

P —order

l QHo¢ = aB 10 +ob |

001 _ 0t 1 O gw gw T egw T o gw
gw — Slgw gw ]'

+
of, = O,




7T he stochastic Aac.égroand of (GL)s

7T he e?adz(/on for the characteristic amplitude adapted 2o
one of the components of the GWs can be wused

ha(f) ~ 893 x 1071 (17:) \/h%oong(f)

and then e obtan For the GR rodes

har(100H2) < 1.3 x 10—23|

while for Zhe /zzgher—order rmodes

hioc(100Hz) < 7.3 x 10—25|

and for scalar rodes

he(100H 2) < 2 x 1.410—26|




7T he stochastic Aac.égroand of (GL)s

Then, since we expect a Sensitvidy of the order of 1077 for Zhe
above interferometers a@ = 100%2, we rneed to 3&/“/7 a least Zhree
orders of raqridude.

— -17 — — . . .
N 0 — Virgo-3km (05 May 2008)
I — Virgo design
= — GEO-600m (06 Jun 20086)
. LLO-4km (04 Jun 2006)
—1 o8 ; b : LHO-2km (14 May 2007)
= = LHO-4km (18 Mar 2007)
= — LIGO-4km_design
| = -
‘©
— 19 e e e b b B
=107 E
» =
by
1020 Bt et B bt bl el e
- \
AT ‘
1 0-21 NSRS AL S )00 L 171 RO A R O ol
— Jr
40722 i N o b | B I ...
23 | | | | | i i i i | i i
10 02 3 4
1 1 1
Frequency [Hz




7T he stochastic Aac.égroand of (GL)s

Let wus analyze the situation a/so at sraller f}-e?aenc/‘es.

7he 53’75;2("\/;2‘}/ of the VIR GO interferometer is of Che order of 1072
ad = 102 and in thad case iZ Is For 2he GR modes

har(100Hz) < 1.3 x 10722

while for Zhe /7{9/73)-—0/-431- modes

hoc(100Hz) < 7.3 x 10724
and for scalar modes

he(100Hz) < 1.4 % 10—2°

Still, these effects are below the Sensitividy Lhreshold o be
observed Zoday bet nec generdtion irnterferometers could be
switable (eq. Advanced VIKGO-LIGO)




The stochastic Aac.(’groand of GGLs

T he sSensit /\//Z‘y of the LISH irterferometer will be of the order
AN P * 10732z and in tA case it IS

har(100Hz) < 1.3 x 10718

while for Zhe /7{9/73/‘*0)-431- rmodes

II.HOG(IOOHZ) < 7.3 X 10—20|

and for scalar rodes

he(100H z) < 1.4 x 10—21|

Ths means thad a stochastic Aac(groana/ of relic (G5
could be, in principle, detected Ay the LISH interferometer,
inc/. L(a//ng Che additional modes.



Conclusions and resarks

*Our ana/yé/é Covers Che rost exlended 3ra\//fy models wwilh a
eneric class of Ldgrangz‘an a/enS/Z‘y it h /7/3/7er —order Zlerms
as R, Pq), where P = KK and & = K, Koo

° e have linearized Che £ield e?aaz‘ ions For thsS class of
Cheories around a Minkowski background and Fouund 2had,
besides a mass/ess Spin-2 Field (Zhe ﬂra\//fon> y Che Cheory

contans also Spin-0 and Spin—-2 »Massive modes cwith the /atter
Ae/nj y 1N 5enera/ y ghroSts (detectable at LHC?711).

* Loe Aave /‘n\/e\SZ‘{gaZ‘ ed the detectads/ /fy of additiona/
polarization modes of a stochastic G eoith 3roana/ ~based
lasSer—interferomelric detectors and Space—interferometers.
Such /90/ ar1 Zation modes ) ) 33/73/‘@/ y appecr in Che €76 and can
be wSed o constran theories Aeyona/ G~R.



Conclusions and resarks

e i 2 /Doz‘nZ‘ has Zo ée discussed in o/eZ‘a// 111

Sensitive and we also knoeo

the orientation of the Sowrce
Che masSsive mode Comfng From Che Sz‘mp/eéi exlension,
A 6——3ra\//z‘y, woutld induce /ongiz‘aa//na/ displacerients

£ Che Sowrce 1S coherent $ The interferomeler 1S a’il-ecz‘/ona//y

al ong Zhe direction of propagai/on which shoeld be
detectable and on/y ZA e QM/Q//‘Z‘aa’e dute to the scalar rode
cwould be the true, detectable, neco” Signal

we cowld have a Second scalar mode /‘nc/ac;hg a Sirnlar effect )
coming From the massive ghost, although «with a minus sign.
one fias devialions From Che prediction of A @—3%2\//#}/,

even 1+ on/y Zhe masSsSive nodes are conSidered as neco

5/:9/762/ .




Conclusions and resarks

.. another point 117

£ the Sowurce 1S not coherert Zhe éac{aroana/ Ahas 2o be

(case of the stochastic Aac.{groanoo 1ISotropic, the 5:5/7&/ Should be
and no directiona/ detection of the the same regard/eSS of the
gravitational radiation orientalion of the inlerferomeler,

no matter hoew Che plane I's
rotaded, it woutld a/wczys rec.ord
Che characteristic amplitude A,.

There 1S no way Co a’/Seniahj/e Zhe rmodes in he éac(’groand i 5&//73 Ac
related 2o the total enerqy density of the gravitational radiation, which
depends on the number of modes avarlable

Every mode Contribetes in the sare wayy at least in the [irmt where
Che mass of massive and 3/705Z‘ modes are Very Small

T¢ should be the number of available modes that rakes the
dbpfe}‘el?ce, not their ol‘l:afn.



Conclusions and resmarks

» The massSive modes are Cerz‘a/n/y of interest for direct
detection éy Zhe LISAH experiment

" Massive GW modes could be produced in more Sigmficant
guaritities in cosmologcal or early astrophysical processes
15 extended Lheories of gravidy, being this possibility still
&(neXp/orec/

'777¢ey could constitute Lhe new frontier of physics,
£ Zhe %396 boSon 15 not discovered at LY/C. é




