TURNING (N THE LANDSCAPE:
A NEW HECHANISH TO QENERATE PBH

(Zalaa/o Fma;ra//?' fea&‘ Likas Withowsky
NET777 2 DASTRL 7874077 L A8

Based on v Xiv 200403227

J /[, S /@/mwo—/%fef J W /@/{%f(@ & L Withowsky
GEO®DESI

P V |;n

_' ** . ,Lf'::é"a.t:". ,;_). 6 kJ, g S O R B O N N E
‘AP D UNIVERSITE
A, . 3o el




AN

INFLATION IV WON-GEDDESTC MOT 10N

TRANSIENT INSTABILITY
MECHANISH
ANALITICAL ANDERSTANDING

FOTENTIAL ANIRUE SIGNAT URES



TURNING W THE LANDSCAPE




TURNING N THE LANDSCAPE




TURNING N THE LANDSCAPE

GENERIG/ MODEL-INDEPENDENT, POSSIBLE
ADVANTAGES, ANIQUE SIGNATURES?



INFLAT ION 1 NON-GEODESTC MOT 1O/

/d4a:\/_[ Pl R—— Gr,0"¢' 0,07 —V ()

Eol = Dy’ +3HO' + GV ;=0

!

o' + T o’ "



INFLAT ION 1 NON-GEODESTC MOT 1O/

= [ e[ M 6100 Vi)

Eol = Dy’ +3HO' + GV ;=0

|

I
le + FgKCAJQBK A/;/
<——=

—ZI

|
Oof o=vJCuéd)  TI=dls, NTLT!




IWELATION (N NON-GEDDESIC MOTION

NI(EOH)‘> DrTj: 7_LH{\II =" W

Hé



IWELATION I NON-GEDDESIC MOTION

NI(EO")—> Dt—ri /ZLHI\II /L= "V/”.
P1=0 = (OO HOTION 2o

7 1 » = STRONGY WONGEDDESIC g Al



MALT-FIELD PERT URBAT IONS

/

\_

5¢I — QSNI

grjg = a2€2C5IJ

~

£ =¥ | Me (¢ -

1/ .2
+§(Qs -

/
(0)°
a2
(82228)2 - m?Qi) ] ;

) +2671..CQs




MALT-FIELD PERT URBAT IONS

0 LOM ENTROPIC FLUACTUATION

A/IQI E Qs
2
Qs + SHQS + (% + m§> Qs — _anJ_C. (\Z_;/
/ T;QI =Qs'

‘/;33 + GRfSHQMgl — 773_H2



MALT-FIELD PERT URBAT IONS

0 LOM ENTROPIC FLUACTUATION

A/I‘Q'L E Qs
2
Qs + 3HQS + (% + m§> Qs — —&ULC (\Z;/
/ T;QI ‘—‘Qs'

‘/;33 + GRfSHQMgl — 773_H2

o MR 7_1.2')?_1 “:7” /m_?cO ; [mg| 2> H



MALT-FIELD PERT URBAT IONS

m? < 0 7/> UNSTABLE BK6



MALT-FIELD PERT URBAT IONS

m? < 0 7/> UNSTABLE BK§

o SUPERMNBBLE k/a < H
(= (2H?/o)n, Qs —> Corl [Qs)

. : k2
‘__9 Qs+3HQ3+ <¥+mg,eff> QSZO

mg,eff — ‘@ T 6}%fs]{2A7\4§1 o ﬁiHQ +4H27ﬁ_
V\_/
m; <0




NTERMELZD

2 _ 2
M\’ZS,EFF - \/55 N £R’S15H /ZF{ > O



NTERMELZLD

o GLOMETRICAL DESTABILIZATION
S Fenaw-Fotel & £, 7a wzinsky 75

M\’ZS,GFF - \/55 +e RSfHZ/Zé < O



NTERMELZLD

(m's er \/SS +e RSfH /Zﬁe ‘/

V\_/
/m5<o

@ SIDETRACKED

S, Garcia Saenz, S, Rewan-Potel &
J /ew(a/w 78
HIPERINFLATION

A Brown 77

D Marsk & 7.Bjorkwo 79
ANGULAR INFLATION

P Clritrtndldls, () Kiest, £ ik

c LUy >0



INTERMELLD 2

SIDETRACKLED , HYPERINFIATION,

TORDOWN NEW ANGHLAR INFIATION .....
s S Guroin Saenz, S, Ronaw-FPotel & J.
5 = ATTRATORS ,e,,f,” 18,4 Braon 17, O Mureh &

NEATIVE CURAT o T Bjorkmo 19, Plhsitily Dfes; - Gpbirallc
WFrEpSBA: e
/ og. o\-dirwlrs
GANTAND REQUIRE MALTEAELD WRATION
N MBEDONGS & D WETUES < WITH (ARGE BENONG
NrATON. 7 Ashacarro & G, Pala 78

VS

? - PR FEQUIE WEATING O
STEEP FOTENTRS

_——




[ KANSTENT INSTABILITY

EFT Jufer-\y
1014
1012 _____
1010 ki
1 N
108-
[y < =
106°; —_ 7
104.\ = Ps,err
Ps
. — 0 i




SINGLE FIELD EFFECTIVE FIELD THEDRY

2
o INTEGRATING OUT THE ENTROPIC HODE || >

QEFT — _ (2(7)77LC' 5 SEFT[¢] — /de?’xeaQ [(§’2)2 B (&C)Q]

mg Cs

A Achacarro et of 77

\\,'




SINGLE FIELD EFFECTTVE FIELD THEDRY

2 ,
o NTECRATING OUT THE ENTROPIC MODE | m?] >>% + |

\T%
H

QSEFT — (20)77LC 3 S2EFTK] _ /de3£CECL2 [(C;)Q . (aZC)QI

m?2 2

) e
. i . . 4H2773_ :ms,eff <—— ffd/é 5&0@/‘0«1/
e m3 M =" 774

EFT WITH IMACHIARY S, Garoin Saenz, S, RonawFotel 18
—> <V SPEED OF SOUND JF., S Garcia Saenw, L. Finot],

S Ronaun-Fotel, J, /@r/(a//(a 79



HIPER NON-CAUSSANITIES

It S Guroia Saenz, L. Findl] , . RenawrFetel, J. Ronapne PRL 79

Y4 5[90&0&‘/‘«//{ < ( h, Zuz ?.,,>

0.9 -

i i\ B, ® SWHANCENENT FOR PARTICHIAR

0.7+ . W4s.0 FLATTEN CONFIGURATIONS

.54 1 B3> ¢.9. ki+ ko — ks — 0

By 1 W30.0

. : \ Baas @ MATCHING / EFT THAT ALLOWS to SHOW

0.3: eq_yll { Biso

0.2, ; . - PERTURBATIVE CONTROL

0.1: = .

ooloclullln | | oo — HERARCHAL ENANCHENT OF THE
o) N-POINT CORRELATION FUNCTIONS

J(iqu = —2.0, flf\l/'df = 53.8 See ables;

k/2 k/2 7. Bjorkms, D Marsh, R, Ferreia 79
L R Ferrerin 20




TURNING N THE LANDSCAPE

MODEL-INDEPENDENT TREATMENT
nLN), ms(N), H(N)



TURNING W THE LANDSCAPE

L
/ ‘\
106 "
1 \
1 \
10* A | "-
1
1
1 \
1
" ' \\Z\ VA
102 - \ \
- [JRRRRY
1
~
10° ~ —— e
N
1072 ~ ) 2\ 772 _ (N=Np)? ““
mg = (b—n)H" np =n"e 2 o
—10 0 10 20 30 40 50

60




PBY & STABLE BACKCROUND

1o3é ni
] -—- m2/H?<0
102 - — mZ/H?>0
: -—- m? sH*<0
107 - —— m2 4/H*>0
10° - I \
E I |
I
1 |
101 E
1072 3
6 1'0 2I0 3IO 4l0 5IO GIO 7'0
N
NO NEED FOR A WATERHAL PHASE

T, Gursis-Bollit, A D), Linds, and 0, Wonds %6
S, Clesse, U, Guroia-Bellids 75

ma _(N-Np?
nL =mn, Xe 2A2

3
DO
|
—
S
|
~
o
Sy
N

WO NEED FOR USR wdfor STOCHASTIC

TREATHMENT

/‘fa/(; i Uhis /{/m&’,éa/,.




TURNING N THE LANDSCAPE

k (.'\Ip(‘_'). ;
10° 10? 108 102 106 10%0 10%
6 . — B
10° - ———— L
. — A2=10
10* 1 A‘Z - 2
10‘2-
100 —————
1075+ :
N.=0 10 15 20 25 N;N, 40 50  New
k (Mpe™) )
10° 10 108 1012 1016 1020 10%
— P
106-
10*4
102-
100-
10—2-

N.=0 10 15 20 25 N;N, 40 50  New

Ty N
. POSITION HEIHT

o SHAFE

o CPOWTHOF P
N ),




ANALITICAL UNDERSTANDING

S, Garoin-Saenz and S, Rewanr-Fetel] 78 |  EFT
JF etd 79

7" Bk, R 2. Forrairg, acd M. C. D, Mursh 79 | WEB

7;:7;062:13, ng(Q—\/iﬂ-ﬁ)m m;/H? = &t — 01



ANALITICAL UNDERSTANDING

JF et 79
7" Bk, R 2. Forrairg, acd M. C. D, Mursh 79 | WEB

P =P, w=2(2-v8+¢)m

S, Gurein-Saenz and 8, Fowanr-Foted] 78 } EFT

\
____________________




ANALITICAL UNDERSTANDING

S, Garoin-Saenz and S, Rewanr-Fetel] 78 |  EFT
JF etd 79

7" Bk, R 2. Forrairg, acd M. C. D, Mursh 79 | WEB

T 2 2 2 2
7727706237, $:§(2—‘\/3+€)77J_ ms/H :gnL_n_L
k
R ]
| i ; — = |m
" — a(N)
o _ klcs| -
~ a(N) (N)
10% A
. ‘ r =~ const ¢
wi A e (N — Nj)2 = (N = Ny)? < 2A2
2I0 A./ 3I0 4I0 ‘‘‘‘‘ 50 610




PEAL: HEIGHT & LOCATION

~ k ~
P(k) = Po(k)e*®| 5 N: —— = |my(N
N, () [ms(N)]
x & nL ‘ k(x\[p('_l)_
108 107 102 10" 1018 102! 10%
10% 1 ' ‘ o ‘ ‘ '
— P
S10 L R & 1 1 | Analytical
mmer HL
~ 101 A? =10
PEAL AT Ny, = Ny 2 A =2
10° 4

10V 1

- 1
- ~r~
P/ /, \{ \\\
g / :\
. i \ —_.\‘
1
Kk i
pea s \\
1
]
]

=7(2— \/ 3+ 0b/(n**)?) -nr* 15 2 25 N A’f,, 40 50 Nen

* Np~ Ny+InnP™ = Ny +1In(v/c)



SHMETRIC 7 ==>  ASIMETRIC PEAL

MODE ENHANCED (F
k N 2
(]V) = |ms(N)| white mg, < 0
a —
—-—— m?/H? <0
1010_-_ —_— m?/H? >0
_ 8 —_ P
yr(N) = 2In(k/aH) 10 5 35 N —40
= —2N +2In(k/H) 1091 —— N =29, Ny =20
— —— Nj =-2.0, N}, =-0.0
104 —— N =09, N, =1.95

) —— N, =126, N} =3.97
109 »
10°- - ---
10—2-

50 -25 00 25 50 75 10.0
N - N;




SHIMETRIC 7. ==>  ASIMETRIC PEAL

MODE ENHANCED (F
k ~ £ £/
— = [my(N)| whie m? <0 M‘Z”f ”N WZ{W

CL(N) 1010 e —4Vf + - m?/H?* <0
e —_— m?/H? >0

yr(N) = 2In(k/aH) 1041 J — §< s N s

= —2N +2In(k/H) 1094 —— N =29, Ny =20

— ——— Ny =-2.0, N}, =-0.0

1071 —— Ny =09, N =1.95

) —— N, =126, N} =3.97
109 »
100 o - ---
10—2-

50 -25 00 25 50 75 10.0
N - N;




CROWTH OF THE POWER SPECTRIN

—_— ny—1

—-—- analytical
:Kdlnlu_nl (1 dlnNm_ 1
dN dN (1—=1b/n
~ g (V- Ny) 0
(N — Ny) — A

BETOND SINGLE-FIELD BOANDS

C. 7. Byrnes, P. S, Cobe, wd S, P, Futit * 78
P, Carriths, £, A Malik, aed D, T, Mabrgre, 79



SHARP THRNS

1()7_

10° 1

1()1-

k (Mpc™1)
1011 1012 1013
A*=0.1
’?
ﬂ
‘Y
Nf Nfl-i-l Nf'-I—Q ]\ifp




LURAS WITROWSKT



PBH formation: short review

Standard picture for PBH formation in inflationary models:

inflation (p)reheating matter dom.
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Standard picture for PBH formation in inflationary models:

inflation (p)reheating matter dom.
time
T today

Production of
enhanced
fluctuations

Quantity of interest: energy density in PBHs per logarithmic mass
interval as a fraction of the DM energy density today:

1 dQpgy
Qe dIn M

Mass function  f(M) =



PBH formation: short review
Standard picture for PBH formation in inflationary models:

inflation (p)reheating matter dom.
time

_.|_>

T today

Procedure for computing the mass function f(M):
» Consider a moment during the PBH formation period.

» (alculate the fraction of energy density collapsing into PBHs at
that time.

» Apply a redshift factor to relate this to an energy fraction today.
» Sum / integrate over the whole period of PBH formation.



PBH formation: short review

Heuristic: PBH formation upon horizon re-entry of primordial
fluctuations that are “sufficiently large”.

More precisely: Relevant quantity for PBH formation is the
SmOOthed . [S-Young et al. 1405.7023; S.Young 1905.01230]

5Eﬂ.

17

This is to be smoothed over the relevant scale, I.e. Horizon scale.

PBH formation it § > 6. with 4. the threshold value that is typically
determined from numerical studies of collapse.
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An important quantity for calculating the PBH abundance is the
Py (6) for the density contrast
at a given time (denoted by the Hubble parameter H).

The energy fraction collapsing into PBHs at a given time is:

By = 2/5 Py (5)ds .



PBH formation: short review

An important quantity for calculating the PBH abundance is the
Py (6) for the density contrast
at a given time (denoted by the Hubble parameter H).

The energy fraction collapsing into PBHs at a given time is:

By = 2/5 Py (5)ds .

The energy fraction in PBHs crucially depends on the tail of the
PDF. == The PBH spectrum is highly sensitive to the detailed
statistical properties of the fluctuations.
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Dependence of PBH abundance on the detailed statistics of the
fluctuations makes PBHSs an interesting observable for primordial

non-Gaussianities (NGs).

[C.T.Byrnes et al. 1206.4188; S. Young and C.T. Byrnes 1307.4995; G. Franciolini et al. 1801.09415; V. Atal, C. Germani
1811.07857; G.Panagopoulos, E. Silverstein 1906.02827; |.M. Ezquiaga et al. 1912.05399]



PBH formation: short review

Dependence of PBH abundance on the detailed statistics of the
fluctuations makes PBHSs an interesting observable for primordial

non-Gaussianities (NGs).

[C.T.Byrnes et al. 1206.4188; S. Young and C.T. Byrnes 1307.4995; G. Franciolini et al. 1801.09415; V. Atal, C. Germani
1811.07857; G.Panagopoulos, E. Silverstein 1906.02827; |.M. Ezquiaga et al. 1912.05399]

Our model: uses strongly non-geodesic
motion that was shown to exhibit a
characteristic pattern of NGs, with a
bispectrum & higher-order correlation
functions enhanced for

CcO nﬂgu rations. [S. Garcia-Saenz, S. Renaux-Petel 1805.12563;

J. Fumagalli et al. 1902.03221;
‘ R. Z. Ferreira 2003.13410]
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This unusual pattern of NG may lead to characteristic features

iIn the PBH mass function.
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Caveat: PDF of 4 is generically difficult to calculate.

» Knowledge of a number of moments generically not enough.

» Need non-perturbative computational techniques, like the

S'tOChaStiC 5N —formalism. [see David Wands', Chris Pattison’s and Julien Grain'’s talks;
C. Pattison et al. 1 /07.00537; ].M. Ezquiaga et al. 1912.05399]



PBH formation: short review

Caveat: PDF of 4 is generically difficult to calculate.

» Knowledge of a number of moments generically not enough.

» Need non-perturbative computational techniques, like the

S'tOChaStiC 5N —formalism. [see David Wands', Chris Pattison’s and Julien Grain'’s talks;
C. Pattison et al. 1 /07.00537; ].M. Ezquiaga et al. 1912.05399]

To proceed: make assumption for the PDF and calculate f(M).

» For simplicity assume Gaussian statistics:

Ful0) = \/27r102(k) P ( ) 20(22%)) |
() — (3)2 /O‘” e ()

q smoothing

o Results still instructive.



PBH formation: short review
Standard picture for PBH formation in inflationary models:

inflation (p)reheating matter dom.
time

I

T today

Production of
enhanced
fluctuations

Approximations / omissions in the computation of f(M):

» Assume (Gaussian statistics for fluctuations.
» lgnore merger and accretion effects after formation of PBHs.
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solid vertical line:

dashed line: M g corresponding
peak location to max. bending
[N I
100 — ng— 127 | —— (A%, 97 = (10, 22.53)
—— ng—1~5 | —— (A%, 7)) = (2,22.90)

Parameters chosen such that
PBHs are all of DM:

QPBH — QCDM

B T BT T
Mppr /Mg

steeper growth narrower peak
per g - p

sharper bending == peak in P (k) for f(M)
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Example with sharper bending (A®, nT) = (0.1, 68):
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PBH abundance: results

Example with sharper bending (A®, nT) = (0.1, 68):

k (Mpe™!) dashed line: cf. previously:

Wt 0 peakioeaton 10t TR
Pe (A2, 1) — (2,22.90)
107 - | 104
10° \
|
10 - A .
Oscillatory pattern
10" 1 'Y” in P¢ as a result
] . of sharper bending

I ]\Iff Nfl—i—l Nfl+2 Np

Oscillations washed out in f(M) as a result of smoothing and the
integration over the formation time.

Could this be an artefact of the Gaussian approximation?



Observational Fingerprints

|) Inherent non-Gaussianity with characteristic pattern may
lead to unique features in PBH mass function.

2) A potential signal in Gravitational Waves (GWVs):

» GWs are sourced during the phase of inflation, but also

through anisotropic stresses during the re-entry of scalar

ﬂUC'tua'tiOﬂS, [S. Mollerach et al. astro-ph/03 1071 |; KN.Ananda et al. gr-qc/061201 3;
D. Baumann et al. hep-th/0703290]

» The latter give a contribution to the stochastic background
of GWs, potentially detectable by LISA and other upcoming
GW detectors.

» The unusual statistical properties of fluctuations from

strongly non-geodesic motion may also leave an imprint in
this GW background.



Summary

Phases of strongly non-geodesic motion lead to an enhancement
of primordial fluctuations that is sufficient for subsequently
producing PBHs with the abundance to be all or a fraction of DM.

The position, amplitude and shape of the peak in P¢(k) depends
on the details of the non-geodesic motion in a precise and
quantifiable way.

Potentially unique observational features:

» The non-Gaussianity inherent to the mechanism may lead to
characteristic features in the PBH mass spectrum.

» Also may find a specific pattern in the stochastic
background of GWs, potentially visible in LISA and other
near-future GW observatories.
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PBH formation: mass function

probability integration
distribution over time
2 [ M [M { 1/ M\ !
M) = =Py (5(M, M —(—> dln M
fM) Clcpm /_oo Mg N My ™™ (o ) Y\ CMpg "
redshift from assuming
factor critical collapse

M = mass contained in a Hubble volume.

C,~: parameters describing the collapse, typically taken from numerical

simulations. Here: C = 3.3,y = 0.36 . [see eg T.Koike et al, Phys. Rev. Lett. 74,5170 1995);
J.C. Niemeyer, K. Jedamzik, Phys. Rev. Lett. 80, 5481 (1998)]

eq = matter-radiation equality



