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Plan

STRING MEMORY EFFECTS IN GRAVITATIONAL WAVES
@ general idea

@ string memory from scattering processes (NP «’ corrections)

@ scattering regimes and phenomenological implications

STRING MEMORY EFFECTS IN ELECTRO-MAGNETIC WAVES
@ general Idea
@ NP o' corrections
@ spinning corrections (NP in o)

@ phenomenological implications
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Gravitational Memory

In General Relativity the GW profile h,,,, produced by a source S,,,, obeys

Oh(t,X) = —167Gn S, (t, X)

the causal retarded wave, emitted from X’

-

hu (t,%) —4GN/d3x'3W(t_ % x.x)
pr\ s -

X — x|

In (GR) high energy collisions the produced GW observed at large distance,
[X|>>|X’| (dipole approx.), has a plane-wave behavior

B (8, %) = B (w, X) e 4 &, (w, %) e
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the structure of the polarization tensor is dictated by the Weinberg's soft theorem

4Gy pﬁ”pa)
wlX| = ny,p,

B (w,X) = e/l

p. momentum of the a" particle involved in the process, Z Pa = ; Pa
acin

integrating over the frequency w, with causality prescription for t—|X|>0, using
1 1

= 2mid(w)

w—lie w+Hie

one finds a constant term, which is the gravitational memory

46y | v pl ! _ BB B py)

P
e (t,X) = —
(’ ) R aCout np, acin  np,
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String Gravitational Memory

String scattering amplitude SOURCE of GW

B(py) C(py)
- ’ 6‘%3+1 .
\\ / -/%3 1 D S = ———  (string source)
.
/ —’2,“’\’" R 5J%3+1 GW emission
O e;w(t, X)=———"— fromstring
A(p) GW(k) Ohy,  seattering

amplitude

Using the amputated amplitude, the GW polarization reads

o eI = €,
e W X d? y4,n_|-* > M3+1 (Way;pa)m>>1mM3+1 (w,k :W”;Pa)

anti-Fourier transforming to time, the GW profile is given by

4GN pgﬂpg)‘ /+oo dw

B (¢ %) =
€ (7X) R . n.pa

71/UJU‘F , P2
o0 2mw © (0, n-p)

where u=t—R
Maurizio Firrotta (Dipartimento di fisica) String Interactions and Memory Effects 7 May at GGI 5/25




|
Heterotic String Setup

Heterotic string: SUSY, ® BOSEy

non-BPS BH

Masses of Stringy BH states
4
Mpps = Po|* = [Pl + Z(Nr —1),

4 4
e BPSBH Mz, _pps = [PLl+ SN = [Pgl*+ (e —1)

Entropy of the states: Hardy-Ramanujan-Hagedorn formula
o d(PL,Pg) = eSBH/EB g 2TV 2 ([PL2—IPR?) _ 2™V Nr

massive states are chosen to be spinless J=0 and compact R ~ GyM

in the perturbative regime (gs<<1)

e mass eigenstates are not compact R ~ o' M > GyM
o Coherent states are compact
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From the tree-level process BPS BH + BPS BH — non-BPS BH + GW

Pahpa M1+ k-pp)
Fl—kpb

M3+1(h7 k; Pa; Ca) = 167TGNM3BH(pa7 Ca

a

where Gy ~ g2 ’0‘6 and M3 (pa, ¢5) is physical and non zero also when k — 0

The amplitude results factorized as the product of the soft factor with the
Shaphiro-Virasoro factor but the graviton momentum k is not soft!!!
String contributions from the amplitude

the characteristic string scales are o’k-p, = o'wn-p,

@ choosing string states with masses M ~ 20 M
e for a VIRGO/LIGO frequency of 10 - 100 Hz

o' k-py = O(1) <= e~/ ns

not so small compared with GR contributions, even when T ~ 1/a/ is around the
GUT scale or beyond

v
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String Gravitational Memory from BPS-BH's Merging

From BPS BH + BPS BH — non-BPS BH + GW the GW profile reads

4 +oo . 5
e#l/(t GN Z p p / dw e~ fwu f(w’é )

o w

with scattering length (, = o/n-p, = o/(E, — 1i-B,), and ) ¢, =0
F(w,£;)/w admit a Mittag-Leffler expansion in the infinite number of w poles

F(l +w€ 3 Rna(/\b a)
Hr(l—wﬁ w Zzw-i-na/f

=1 n,=1

where the residues have the form

1—na)\b,a) Kb
Rna()‘ba - ’7-2Hr1+na>\ba)’ )\b,a:i
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The first term of the pole expansion (massless pole) reproduces the GW memory

while the rest of the expansion produces an infinite sum of corrections due to the
infinite tower of massive string excitations

3 (v +o0 —i
4Gy p p dw e~ vy
Aset” t7H = 5 R b Rn )\ / By
Imeo
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the prescription produces a causality structure of the form

3
A (t,5) = TN S PoPo (g 1) S 5, (0, 40 ) — () 5(Mes 1)

53()\b,a; U) - Z Rna(Ab,a) einau/ﬁa

n,=1

The GW profile from the stringy source turns out to be
ewj(ta )_() = egoist(t’)_(') + Asewj(t? )_()

there is a modulation of the signal in u/¢, that is non-perturbative in o’
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Rational Kinematics
In CoM fame of the non-BPS state (3), Ms = E3 + w = w + y/M2+w?

M3 M- M3 E2:M§+A/§_Mf |q|:\/f(M%LM§,M§)

E p
2M3 2M3 2M3

The physical region is spanned by F(M2, M2, M2) > 0, so much so that

2
M12

M1,2=A~47’2; 0<pr2<1l, (pm1—p2)®—2(u1+p)+1>0

3

if ;11 = po = p one has simple expressions for Ap ,
1 1
“1< -3 (1 +/1 74u) << (71+ VI 74,1) <0
and by momentum conservation

)‘a+1,a + )\a+2,a =-1
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53()\1373; u) = Z Rna()\b,a) einat/la

n,=1

2 , .
0o (=) [ T(14n/2 inu iu/e —2iu/t
63(Ms=-1/2) =37, Enggz (—rgltn%;) e inu/ts = — 2 K(5 1)

16

Red,(A) Im 8, (A

— A=-1WZ — A=-1W2
A=1W3 A=-1W3
“ =-112 - A=1R2
I =11 fh — A=l
=127 — A=-1R2n
A — a=t
A=2 A=2
— A=3 — A=3
A= W A=t
— A5 — A5

2 4 6 8 10 12 '
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High Energy Regime
In the regime in which wl,>>1 the SV factor behaves as
Fsy ~ e P with — B = l3(A13log A1z + Aas log \o3)

the string correction to GW profile becomes

o8] efiwu u
Sreg(\p3iu) = [ d ~Alel —1) = 2iarctan —
g (b3 1) [m w— (e ) iarc anﬁ

1M Erog

— A==112
A=-1/5
— A==1110

T - u
-40 -20 7 — A=-1/20 -40
/
-0.5

-1.0
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Regge Behaviour (Plunge)

Mi<<M, ~ Mz so that e = #1<<¥p ~ —¥3 = ¢ and the SV factor reduces to

Fsy ~ (—wl) 2w

by saddle point estimation : d(¢,; u) = exp ( Uag + 2 ez exp 281)

u=10
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Coherent states picture

The averaged mass and gyration radius of a coherent state is given by

LS IE,
n=1

ZIA nl®

where \* is the polarization of the n*" harmonic. Choosing A\ = V#e="pf
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Coherent states can be compact in the perturbative regime gs<<1

R g2 I
Gy=— = == = [=2 " _~103<<1 (no o dependence
TTM T V) 20| Anf? ( )

in the specific case of \* = V#e~*"n® one has

G Lir_pp(e2 .
— = Lﬂ =v2sinhav1—tanh«
o L/_2,3(e* O‘)
B=1

a
0.25
0.20
015"
0.10 -
0.05

Gy

0.00 ‘ ‘ ‘ - ‘ ‘ =
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SECOND PART
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Electro-Magnetic Memory

EM potential A generated from the source J* at large distance R = |X|>>|X’|

= [d®x'¢ L i,‘|J (w, %) ~ E2Tk(w, k = wil)

47|X—

QED amplitude with a soft photon and n hard particles in its leading contribution
AQEP (a, k; pj) = g7, Cif(L,‘)jpf,Al,‘,?E’J(pj) + ..., (Q; charge of the j™ particle)

Classical EM potential at large distance (EM memory)

~ R eiwR Q, ., .,
A”(w,x) JP. (@) ﬁ:gral %{ Z Qapl Z Qapy }

wR acout NPa acin NPs

Classical EM potential from spinning hard particles

A, %) = g 5, QP L where JB = pla, — prof + S
w, X R J npj - where J J TP

J Pj
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String EM memory

Open string amplitudes as a source of EM potential

ST 5 AL (a.kip))
Ju (kipj) = =5ty
universal Veneziano's factor (n-pt generalizations)

the EM potential produced

3,0 €T Gy g €9R AT (arkipy)
AST(w X) = [ d° In[R— )?/|JST( X))~ LEM (O PP

gives the QED behavior plus a universal correction (effect of infinite poles)
AT (t,X) = AQEP(t, %) + AsAL(t,X)

with causal structure

AA, =0(u)ATA, +0(—)ADA,, u=t-R

; e - AL) (Da —
From planar duality properties : Ag™'A, + As™ A, =0
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Some analytic results

Unoriented bosonic string

) T(1—rA
AZ A (t,X) ~ —0(u 47rRZ a3) e

n-pa ) 1+r)\a+13)

iru/l3

Type | string (with spin 1 particles)

. L) r1 -
AT A8, R) ~ —0(u) ;25 30— S (P ) e
AR ) g D, 2 <”a Jaé)F(HMaﬂ,s)e

I’)\a 3)

iru/Z3

spinning correction with a general higher spin state of spin N

N
- d" -
AQ A (8, %) ~ E WA?A“(t,X)
h=1

Maurizio Firrotta (Dipartimento di fisica) String Interactions and Memory Effects

7 May at GGI

21/25



|
Corrections From Unoriented Bosonic String

D3/Q3 system. VD o) U(1)
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EM Memory in Type |
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Spinning Correction to EM Memory

Higher spin states

of general spin N & | o

A=-112, n:{>0

String modulation
Al ACIAR 4 ACIAH

| classical Spimess Spinning

AN K\ AN
Ty \ ’

A=-1/2, n-g<0 A=-112, n-g<0

Spinning corrections to the Re(® m(@)
Photon profile for different
values of spin N

>)
A N A¥
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Conclusion

@ Gravitational wave context

o GW emitted from string interactions : hw,(t,)'(’)| + Ashp(t, >’<’)|St -

GW memo
e compact expressions and profiles of Ash,,(t,X) for special kinematics
o Ashu,(t,X) in different scattering regimes, High Energy and Regge regime

o coherent states picture, very massive and compact objects

@ Electro-Magnetic wave context

o EM-W emitted from string interactions : A.(t, >_<')’ + AGAL(E, X

2
EM memo ’ ) St memo

e compact expressions and profiles of A;A,(t,X) for special kinematics
@ spinnig corrections to the string EM memory

o analysis done in both bosonic string and superstring theories
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