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Plan of the talk

• Some comments about the formation of PBHs and 
their spins at formation

• GWs from PBHs, their characterisation:                
NG, anisotropies & gauge invariance

• Conclusions

In collaboration with V. De Luca, V. Desjaques, G. Franciolini, 
A. Kehagias, I. Musco + the Padova group



PBHs
If black holes are of primordial origin they can compose 

all the dark matter (or a fraction of it) 
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PBHs are originated from peaks 
of the  density contrast

PBHs are rare events, tail of the distribution 
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One possible mechanism: large fluctuations from inflation 



PBHs are originated from peaks 
of the  density contrast
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Standard lore: take the probability to be Gaussian 



PBHs are originated from peaks 
of the  density contrast

PBHs are not clustered at formation (in the absence of local NG)  
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with V. Desjaques  (2018) 



Intrinsic NG

De Luca et al. (2019),  Byrnes et al. (2019)
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Even if one assumes Gaussian comoving curvature perturbation
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Unavoidable non-Gaussianity

Correspondence between peaks of     and  ⇣
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Threshold only changed by a few percent 

A. Kehagias, I. Musco and A.R. (2019)  



Intrinsic NG

De Luca et al. (2019), Byrnes et al. (2019)
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Even if one assumes Gaussian comoving curvature perturbation
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(times symm. tensor structure)

Unavoidable non-Gaussianity



Primordial NG

• NGs affect the abundance (adopting threshold statistics and using 
the cluster expansion technique)

• NG affects the threshold for collapse
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Fully NG PDF which can 
be written in terms of the 
higher-order correlators

Primordial non-Gaussianity

A. Kehagias, I. Musco and A.R. (2019)  

G. Franciolini et al. (2019)  

⇣ = ⇣g +
3

5
fNL⇣

2
g

<latexit sha1_base64="fAEcU2Lw5zfIwImwDdle4ejZgzY="></latexit><latexit sha1_base64="fAEcU2Lw5zfIwImwDdle4ejZgzY="></latexit><latexit sha1_base64="fAEcU2Lw5zfIwImwDdle4ejZgzY="></latexit><latexit sha1_base64="fAEcU2Lw5zfIwImwDdle4ejZgzY="></latexit>



The spin of PBHs
In black hole merging, gravitational waveforms are sensitive 

to the final spin state and to the orbital projection

�e↵ =
M1

~S1 +M2
~S1

M1 +M2
· L̂ Ligo Scientific, Virgo  (2018) 

vanishes if initial spins anti-aligned 
or lie on the orbital plane, or initial spins vanish



• PBHs originate from peaks, that is from maxima of the local density 
contrast. Need peak theory to obtain the probability distribution of the 
spin

• The spin results from the action of the torques generated by the  
gravitational tidal forces upon horizon crossing

• It is a first-order effect in perturbation theory when accounting for the 
fact that the collapse is not spherical

The spin of PBHs at formation

De Luca et al. (2018) 



Peak theory
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Rotate the coordinate axis to be aligned 
with the principal axes of the constant density ellipsoid
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The spin of the non-spherical collapse

Si =
4

3
a4(⌘)✏ijk

Z
d3x⇢(~x, ⌘)(x� xpk)

j(v � vpk)
k

Expand around the peak at first-order
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3
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velocity shear
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2
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• The collapse is not spherical 

• The off-diagonal components of the velocity shear 
are non-zero and misaligned with the inertia tensor

The spin of the collapsing mass 
is non-zero if 

~S =
16⇡

45
a4(⌘)⇢rad(⌘)a1a2a3([a

2
2 � a23]v23, [a

2
3 � a21]v13, [a

2
1 � a22]v12)

non-spherical 
collapse

non-zero 
off-diagonal shear

Heavens and Peacock (1988) 



Rough estimate
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The probability distribution of the PBH spin

⇣i =
@�

@xi
, ⇣ij =

@2�

@xi@xj
, vji =

@vj

@xi
,

Starting point: the joint distribution of sixteen correlated variables 

f(Vi)d
16Vi =

1

(2⇡)8|M|1/2
e�

1
2 (Vi�hVii)M�1

ij (Vj�hVji)d16Vi,

Vi :

Mij = h(Vi � hVii)(Vj � hVji)i.

The PBH spin is proportional to the velocity shear
and goes to zero for monochromatic power spectra:

the cosmic velocity shear is totally  aligned 
with the inertia tensor of the ellipsoidal collapsing object
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The conditional probability distribution 
Several changes of variables to reduce the covariance matrix plus several integrations 

• The typical value of the PBH spin shifts to smaller values for higher peaks (more 
spherical collapse)

• The PBH spin goes to zero for extreme peaked power spectra

• Typical power spectra for the curvature perturbation used in the literature to give the 
PBHs as dark matter have � = O(0.8÷ 0.9)



The conditional probability distribution 

P (h) = exp(�2.37� 4.12 lnh� 1.53 ln2 h� 0.13 ln3 h)

as =
⌦dm�(⌘H)

⇡
se, se =

29/2⇡

5�6⌫

p
1� �2ha



GWs from PBHs 



The same curvature perturbations giving rise to PBHs are 
unavoidably a source for GWs at second-order in perturbation theory

Potentially observable at current and future GW observatories 
(LIGO, Virgo, LISA,…)

1

h
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GWs from PBHs
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The same curvature perturbations giving rise to PBHs are 
unavoidably a source for GWs at second-order in perturbation theory

Potentially observable at current and future GW observatories 
(LIGO, Virgo, LISA,…)

GWs from PBHs
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 GI from the Poisson gauge

 TT gauge



Emission
Emission takes place near Hubble crossing time

Super-Hubble scales

Sub-Hubble scales

⇣(⌘, k) = T (k, ⌘)⇣(k)
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GWs from PBHs at second-order
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The energy density of GWs is given by 
the time average over several cycles

The characteristic frequency of the GWs is similar to the frequency of the scalar 
perturbations, related to the PBH mass  

1

h
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PBHs as DM - LISA Serendipity

M t 10�12M�
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The PBH dark matter-LISA serendipity
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GWs even if PBHs not the DM
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GW characterization

NG & anisotropies



Since sourced at second-order, the emitted GWs are NG at formation
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GW non-Gaussianity



These GWs are born non-Gaussian, but the non-Gaussianity is unobservable: 

Non-Gaussianity = phase correlation

                                            

Bartolo et al.,  PRL (2019) 

Think about the Central Limit Theorem



Bartolo et al.,  PRL (2019) 

Finite frequency resolution
Finite frequency resolution produce dephasing even though

inflation generated phase correlation
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Modes of nearby frequencies get confused due 
to finite resolution giving rise to dephasing
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Shapiro time-delay

Physical suppression

depends on long mode



Bartolo et al., (2019) 

Non-Gaussianity = phase correlation

Need to cancel the phases, e.g use the spatial 
distribution of the energy density
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In addition LISA will probably have an angular 
resolution up to around ` t 10
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Small perturbations (direction dependent) 
in the abundance

1) Anisotropies at emission
 2) Anisotropies due to propagation 

LISA
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XJUI B NFBO JOUFS�4�$ TFQBSBUJPO EJTUBODF PG ��� NJM�
MJPO LN� " SFGFSFODF PSCJU IBT CFFO QSPEVDFE PQUJ�
NJTFE UPNJOJNJTF UIF LFZ WBSJBCMF QBSBNFUFST PG JOUFS�
4�$ CSFBUIJOH BOHMFT 	ĘVDUVBUJPOT PG WFSUFY BOHMFT
 BOE
UIF SBOHF SBUF PG UIF 4�$ BT CPUI PG UIFTF ESJWF UIF DPN�
QMFYJUZ PG UIF QBZMPBE EFTJHO XIJMF BU UIF TBNF UJNF FO�
TVSJOH UIF SBOHF UP UIF DPOTUFMMBUJPO JT TVďDJFOUMZ DMPTF
GPS DPNNVOJDBUJPO QVSQPTFT�

Earth

Sun
1 AU (150 million km)

19 – 23°
60°

2.5 million km

1 AU
Sun

'JHVSF �� %FQJDUJPO PG UIF -*4" 0SCJU�

ćF PSCJUBM DPOĕHVSBUJPO JT EFQJDUFE JO 'JHVSF �� ćFTF
PSCJUT XJMM MFBE UP CSFBUIJOH BOHMFT PG ±� EFH BOE
%PQQMFS TIJęT CFUXFFO UIF 4�$ PG XJUIJO ±�.)[�
ćF MBVODI BOE USBOTGFS BSF PQUJNJ[FE GPS B EFEJDBUFE
"SJBOF ��� MBVODI BOE DBSSZ UIF GPMMPXJOH CBTJD GFB�
UVSFT�
t UPUBM USBOTGFS UJNF PG BCPVU ��� EBZT�
t EJSFDU FTDBQF MBVODI XJUI V∞ = 260N�T�
t UISFF TFUT PGNBOPFVWSFT GPS ĕOBM USBOTGFS PSCJU JOKFD�

UJPO QFSGPSNFE CZ UIF QSPQVMTJPO BOE 4�$ DPNQPTJUF
NPEVMFT� 4FF 4FDUJPO ����� GPS EFUBJMT�

��� -BVODIFS

ćF SFDPNNFOEFE PQUJPO GPS -*4" JT UP VTF POF PG
UIF "SJBOF � GBNJMZ PG MBVODI WFIJDMFT XJUI B EFE�
JDBUFE "SJBOF ��� MBVODI CFJOH UIF QSFGFSSFE PQUJPO�
8JUI B MBVODI DBQBDJUZ EJSFDUMZ JOUP BO FTDBQF USBKFD�
UPSZ PG ���� LH UIF "SJBOF ��� JT WFSZ XFMM TVJUFE UP
UIF -*4" MBVODI SFRVJSFNFOUT BOE UIF SFGFSFODF PSCJU
EFTDSJCFE JO 4FDUJPO ��� JT CBTFE PO UIF DBQBCJMJUJFT PG
UIJT MBVODIFS� ćF DBQBDJUZ PG "SJBOF ��� JT MJNJUFE BOE
JU JT FYUSFNFMZ MJLFMZ UIBU BOZ NJTTJPO TJ[FE UP ĕU XJUIJO
JU XPVME CF TJHOJĕDBOUMZ DPNQSPNJTFE JO UFSNT PG DB�
QBCJMJUZ� 4JNJMBSMZ JU JT MJLFMZ UIBU UIF DPOTUSBJOUT BOE
DPNQMFYJUZ PG B MBVODI UP (FPTUBUJPOBSZ 5SBOTGFS 0S�
CJU DPNCJOFE XJUI UIF OFFE UP ĕOE B TVJUBCMF QBSUOFS
NBLF B TIBSFE "SJBOF ��� MBVODI VOBUUSBDUJWF�

��� $PODFQU PG 0QFSBUJPOT

&BDI 4�$ JT FRVJQQFE XJUI JUT PXO QSPQVMTJPO NPEVMF
UP SFBDI UIF EFTJSFE PSCJU� %VSJOH UIJT DSVJTF QIBTF
DIFDLPVU BOE UFTUJOH PG TPNF FRVJQNFOU DPVME BMSFBEZ
CFHJO� 0ODF UIF 4�$ IBWF CFFO JOTFSUFE JOUP UIFJS DPS�
SFDU PSCJUT BOE UIF QSPQVMTJPO NPEVMFT KFUUJTPOFE UIF
UISFF 4�$ NVTU CF QSFQBSFE UP GPSN B TJOHMF XPSL�
JOH PCTFSWBUPSZ CFGPSF TDJFODF PQFSBUJPOT DBO CF FT�
UBCMJTIFE� ćJT JODMVEFT UIF SFMFBTF PG UIF UFTU NBTTFT
BOE FOHBHJOH UIF %SBH�'SFF "UUJUVEF $POUSPM 4ZTUFN
	%'"$4
� ćJT QSPDFTT DPOTUFMMBUJPO BDRVJTJUJPO BOE
DBMJCSBUJPO JT EFTDSJCFE JO 4FDUJPO ������ 'PMMPXJOH
BDRVJTJUJPO BOE DBMJCSBUJPO -*4" XPVME FOUFS UIF QSJ�
NBSZ TDJFODF NPEF� "U UIJT UJNF BMM UFTU NBTTFT JOTJEF
UIF UISFF 4�$ XJMM CF JO GSFF GBMM BMPOH UIF MJOFT PG TJHIU
CFUXFFO UIF 4�$� $BQBDJUJWF TFOTPST TVSSPVOEJOH FBDI
UFTU NBTT XJMM NPOJUPS UIFJS QPTJUJPO BOE PSJFOUBUJPO
XJUI SFTQFDU UP UIF 4�$� %'"$4 XJMM VTF NJDSP�/FXUPO
UISVTUFST UP TUFFS UIF 4�$ UP GPMMPX UIF UFTUNBTTFT BMPOH
UIF UISFF USBOTMBUJPOBM EFHSFFT�PG�GSFFEPN VTJOH JO�
UFSGFSPNFUSJD SFBEPVU XIFSF BWBJMBCMF BOE DBQBDJUJWF
TFOTJOH GPS UIF SFNBJOJOH EFHSFFT�PG�GSFFEPN� &MFD�
USPTUBUJD BDUVBUPST BSF VTFE UP BQQMZ UIF SFRVJSFE GPSDFT
BOE UPSRVFT JO BMM PUIFS EFHSFFT PG GSFFEPN UP UIF UFTU
NBTTFT� -BTFS JOUFSGFSPNFUSZ JT VTFE UP NPOJUPS UIF
EJTUBODF DIBOHFT CFUXFFO UIF UFTU NBTTFT BOE UIF PQ�
UJDBM CFODI 	0#
 JOTJEF FBDI 4�$� ćFTF UFDIOPMPHJFT
IBWF CFFO EFNPOTUSBUFE CZ UIF -*4" 1BUIĕOEFS NJT�
TJPO�
ćF MPOH�CBTFMJOF MBTFS JOUFSGFSPNFUFS PS TDJFODF JO�
UFSGFSPNFUFS JT VTFE UP NFBTVSF DIBOHFT JO UIF EJT�
UBODF CFUXFFO UIF PQUJDBM CFODIFT XIJMF B UIJSE JO�
UFSGFSPNFUFS TJHOBM NPOJUPST UIF EJČFSFOUJBM MBTFS GSF�
RVFODZ OPJTF CFUXFFO UIF UXP MPDBM MBTFS TZTUFNT� "MM
JOUFSGFSPNFUFS TJHOBMT BSF DPNCJOFE PO HSPVOE UP EF�
UFSNJOF UIF EJČFSFOUJBM EJTUBODF DIBOHFT CFUXFFO UXP
QBJST PG XJEFMZ TFQBSBUFE UFTU NBTTFT� 4DJFODF .PEF
XPVME GFBUVSF OFBS�DPOUJOVPVT PQFSBUJPO PG UIF TZTUFN
BU UIF EFTJHO TFOTJUJWJUZ� ćF TZTUFN EFTJHO TIPVME CF
TVDI UIBU JO TDJFODF NPEF FYUFSOBM QFSUVSCBUJPOT UP
UIF TZTUFN BSFNJOJNJTFE BOE JO QBSUJDVMBS UIF CBTFMJOF
EFTJHO EPFT OPU SFRVJSF TUBUJPO LFFQJOH PS PSCJU DPS�
SFDUJPO NBOPFVWSFT� *O MJOF XJUI UIF TDJFODF SFRVJSF�
NFOUT PO EBUB MBUFODZ DPNNVOJDBUJPOT XPVME PDDVS
PODF QFS EBZ GPS B EVSBUJPO PG BQQSPYJNBUFMZ � IPVST�
ćFSF BSF UXP QSJODJQBM FWFOUT XIJDI XJMM DBVTF TPNF
EJTSVQUJPO UP UIF TDJFODF NPEF PG PQFSBUJPOT� UIFTF
BSF SF�QPJOUJOH PG UIF BOUFOOBT BOE SF�DPOĕHVSBUJPO
PG UIF MBTFS MPDLJOH UP NBJOUBJO UIF CFBU OPUFT XJUIJO
UIF QIBTFNFUFS CBOEXJEUI UIFTF BSF DPWFSFE JO NPSF
EFUBJM JO 4FDUJPOT ��� BOE ��� SFTQFDUJWFMZ� *O BEEJUJPO
UP UIF NBJO TDJFODF NPEF B TQFDJBM QSPUFDUFE QFSJPE

-*4" o �� .*44*0/ 130'*-& 1BHF ��

LISA L3 proposal (2017)

GW anisotropies

Bartolo et al.,  PRD (2019) 
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At unreachable scales:
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Large scale perturbations do not impact the 
emission of GWs since they are on super-Hubble 

scales (Equivalence Principle)

LISA

GW anisotropies at emission

Bartolo et al. (2019) 

Need long and short mode coupling: primordial NG

h�⌦(⌘e, ~x)�⌦(⌘e, ~y)i ⇠ (k⇤|~x� ~y|)�2
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Non-vanishing even if there is no primordial NG

(analogous to SW in the CMB)

C`,S =
2⇡

`(`+ 1)
P⇣L
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GW anisotropies due to propagation
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 A detection of anisotropies will mean  
PBHs may not form the dark matter
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<latexit sha1_base64="JDXUwYqFOES9JF9fmH8LgMlhn9A="></latexit><latexit sha1_base64="JDXUwYqFOES9JF9fmH8LgMlhn9A="></latexit><latexit sha1_base64="JDXUwYqFOES9JF9fmH8LgMlhn9A="></latexit><latexit sha1_base64="JDXUwYqFOES9JF9fmH8LgMlhn9A="></latexit>

Anisotropies of GWs from PBHs



Gauge invariance of the GWs

At first-order GWs are gauge invariant, 
this is not so at second-order 

1) GI at the measurement
2) GI emission and propagation 

            (inside the horizon, GI description)

V. De Luca et al. (2019) 
Gong (2019)

Tomikawa and Kobayashi (2019)
Inomata and Terada (2019)

Yuan et al. (2019) 
 



Measurement
GWs affect time shifts in interferometers in two ways: 
1) change the photon geodesic,
2) change the coordinate position of the mirrors.

coordinates are fixed with the 
position of the mirrors
(in the proper detector frame the 
geodesic is fixed, basically in flat 
space and coordinates change) 



A single frame can be defined  in which the metric 
is approximately flat and encompasses the all apparatus

The time shift coincides with the proper time  

L̈i(t) = �Ri0j0Lj(t)
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Measurement for 

The detector frame coincides with the TT frame thanks to the
gauge invariance of            at linear orderRi0j0
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!GWL ⌧ 1
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V. De Luca et al. (2019) 

Need  a general frame description

�tGI
A,B = �tA,B +

Z t0+2LA,B

t0

dt�(t)
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At  second-order, Riemann tensor not GI,  general frame description?

Measurement for !GWL ⇠ 1
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coincides with the TT result at linear order



Conclusions

• PBHs do not need physics BSM and may form all the 
DM, intrinsic NG relevant, small spin at formation

• GWs from PBHs are detectable by LISA

• NG observable only in energy density if some 
primordial NG is present

• GW anisotropies are a way to characterise the 
source: a detection will imply PBHs may not form the 
all DM


