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TALK OUTLINE

1 Sampling variance cancellation
2 Forecast ingredients
3 Primordial non-Gaussianity

4 Neutrino mass

5 Measuring galaxy bias to get dark matter in 3D

All results are preliminary!
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SAMPLING VARIANCE CANCELLATION

Toy model: Gaussian fluctuations around 1

Primordial non-Gaussianity: Rescale galaxies by ~ |1+ (b — 1) fxL/ ¢?|  Dalal et al. (2008)
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SAMPLING VARIANCE CANCELLATION

Toy model: Gaussian fluctuations around 1

Primordial non-Gaussianity: Rescale galaxies by ~ |1 + (b — 1) fxr/ ¢?|  Dalal et al. (2008)
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: In principle, can
Galaxies P pPie,
measure ratio
with infinite

precision from

Seljak (2009)
McDonald &
Seljak (2009)




SAMPLING VARIANCE CANCELLATION

Fractional change of power spectra for fni=1: Up to 3x increase at low [

fn1, bias / signal

(komB) X (LSST 125 z=3-4)

(LSST 125 z=2-3) x (LSST 125 z=2-3)
(LSST 125 z=3-4) x (LSST 125 z=3-4)
(komB) X (LSST 125 z=2-3)

(DESI QSO z=0.6-2) x (LSST 125 z=1-2)
(LSST 125 z=1-2) x (LSST 125 z=1-2)
(DESI LRG z=0.6-1.3) x (LSST 125 z=1-2)
(DESI ELG z=0.8-2) x (LSST 125 z=1-2)
(DESI ELG z=0.8-2) x (DESI QSO z=0.6-2) |




SAMPLING VARIANCE CANCELLATION

Compare to sampling variance noise: “By how many sigma do C;’s change if fni=1?"

fNL blas / n01se ( fsky =0. 5)

(LSST 75 13 -4) x (LSST 25 23, 4)
(LSST 25 z=2-3) x (LSST i25 z=2-3)
(LSST i25 z=1-2) x (LSST 25 z=1-2)
(DESI ELG z=0.8-2) x (LSST i25 z=1-2)
(LSST i25 2=3-4) X (koup)

(DESI QSO 7=0.6-2) x (LSST i25 z=1-2)
(LSST i25 2=2-3) X (koup)

(DESI LRG 7=0.6-1.3) x (DESI LRG z=0.6-1.3) ||
(DESI ELG z=0.8-2) x (DESI ELG z=0.8-2)

30 for fNLZl

0.30 fOl‘fNL=1 05 i
but can cancel

sampling 0.0

variance 2
by measuring ratios of C/’s!
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FORECAST INGREDIENTS

CMB lensing reconstruction x from CMB-54 (assume orwnv= 1", Nrr=1 uK’)

Various LSS samples: SDSS, DESI, LSST, [CIB]

Limber C;’s for galaxy-galaxy, galaxy-x and x-x:

99 — /dz W2(2)P(¢/x, 2) {b2(z) 1+ aBk=1£/x,2)]* + [neom(2) P(£/x, z)]—l}

co" — / A= W, (2)Wia(2)P(£/x, 2)b(=) [ + a Bk = €/, 2)]

s = / A= W2(2)P(¢/x, ) + N,

e o = amplitude of scale-dependent bias: fnL or m1,

e 5(k, z) = scale-dependent bias:

Ab (b—1)  Qm0d. (H0)2 or 1 Piotnov(k, 2) — Prot tot (K, 2)

kz)= =" =3
5( Z) b b kQT(k)D(Z) C mgd Ptot,tot(kaz)




FORECAST INGREDIENTS

Fisher analysis for amplitude of scale-dependent bias (fni. or m1,)
Split LSS samples into few redshift bins (typically 2-3)
Marginalize over one bias parameter per redshift bin

Marginalize over worst-case scenario where changes in total matter power
spectrum (e.g. due to different cosmology) are perfectly degenerate with

scale-dependent bias:

Plk=10/x,z) = P(k=1/x,2)[1 + ttaxe Braxe(k = £/ X, 2)]°

For most results, exclude LSS auto-spectra to avoid potential systematics

Assume all surveys overlap on the sky (though probe different volume if z

range does not overlap)




LSS SAMPLES

Sample Nobjects
BOSS LRG z=0-1 1.31 x 1
SDSS r < 22 2=0-0.5 8.98 x 1
SDSS r < 22 2=0.5-0.8 1.82 x 1
DESI BGS 2z=0-0.4 8.71 x 1

DESI BGS 2=0.4-0.5 1.90 x 1

DESI LRG 2=0.6-1.3 3.34 x 1
DESI ELG 2=0.6-0.8 3.34 x 1
DESI ELG 2=0.8-2 1.35 x 1
DESI QSO 2z=0.6-2 1.28 x 10°
LSST i < 25 2=0-1 1.4 x 10°

LSST i < 25 z=1-2 4.75 x 1
LSST i < 25 2=2-3 2.95 x 1
LSST i < 25 z=3-4 7.31 x 1
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p¢(KoMmB, tracer)

CORRELATION COEFFICIENT WITH CMB
LENSING SIGNAL

0.9| |
0.8}
0.7F" ..
0.6}
0.5]
0.4}
0.3
0.2
0.1}
00| — BOSS LRG z=0-1 — DESI LRG z=0.6-1.3 = = LSST 1<25 z=1-2
01l SDSS r<22 z=0-0.5 DESI ELG z=0.6-0.8 LSST %<25 z=2-3
ool SDSS r<22 z=0.5-0.8 DESI ELG z=0.8-2 LSST. 1<%5 7=3-4
y -+ = DESI BGS z=0-0.4 DESI QSO z=0.6-2 === combination

—0.3 DESI BGS z=0.4-0.5 = = LSST i<25 z=0-1

B L
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SAMPLING VARIANCE CANCELLATION S/N

Correlation p¢ of combined LSS sample and CMB lensing « is ~93%

Sampling variance cancellation improves signal-to-noise of e.g. fxL as

S 1

Seljak (2009)

— X
N \/ 1 — /0% McDonald &

Seljak (2009)

= Expect ~3x improvement from sampling variance cancellation if using

only combined LSS sample and CMB lensing x

Gain even more if using all cross-spectra
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LSS ONLY
2<£.< 2000, fuy =0.5

Precision needed to separate

+DESI

multi- /single-field inflation

Not bad, but also not great

All' LSS auto- and cross-spectra. Marginalize over bias parameters and fake fnr.
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ADDING CMB LENSING
2< € <2000, fuy =0.5

r--sTr rrrrrfroror----e--tTrTrTrTTTrTrrmrnr-TTTrrTTTT—TrTrTrTTrTrTrTTT -
| | | | | | | | | |

KCMB+SDSS

+DESI Adding CMB lensing gives

 2x improvement for SDSS/DESI
e 10x improvement with LSST

* Driven by SV cancellation

All' LSS auto- and cross-spectra. Marginalize over bias parameters and fake fnr. CMB lensing: Orwam= 1", Nrr=1 uK’.
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EXCLUDING GALAXY-GALAXY AUTO SPECTRA
2 < ¢ <2000, fsky—OS no I; x I,

IIIIIIIIIIIIIIIIIIIIIIIII IIIIIIII IIIIIIIIIIIIIIIIIIIIIIIII

No galaxy-
KCMB +SDSS

galaxy auto

+DESI

Excluding g-g auto spectra gives

* 30% degradation for SDSS/DESI
e 2.5x degradation with LSST

No LSS auto spectra, all LSS cross spectra. Marginalize over bias parameters and fake fnr. CMB lensing: Orpwam = 1", Ntr=1 puK’.
19



BETTER LSST?

Gorecki, Abate, et al. (2014)
So far, used i<25 “gold” sample at 0 <z < 4

i<25

i<24

i<27 (S/N>5), 10 years
i<27 (S/N>5), 1 year
S/N>5, 10 years
S/N>5, 1 year
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= Extrapolateto4<z<6

= Use 1<27 10 years




EXTRAPOLATING LSST TO 4<z<6

2 < £ <2000, fuy =0.5,n0 I; X I,

No galaxy-
KCMB +SDSS

+DESI

galaxy auto

+LSST? S,

+LSST? =5
» Extrapolating LSST to 4<z<6: 15% better

<6 *i<27,10 year sample: 2.2x better
+LSSTZZ< 27,10y ‘
| L 1

00 05 1.0 15 2.0
U(fNL)

No LSS auto spectra, all LSS cross spectra. Marginalize over bias parameters and fake fnr. CMB lensing: Orpwam = 1", Ntr=1 puK’.
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ADDING PERFECT “FAKE” CMB LENSING TRACER
(dn/dz matched to CMB lensing kernel, no shot noise, bias b=1+z)

Base = KCMB +SDSS
+DESI

z2<6
o HLSST o 1,

a ~

No galaxy-

galaxy auto

Base TRfake (0 <z<0.5

Base +kge (0.5 < 2 < 2)
No galaxy-

. galaxy auto
e 2x better if more

Base ke (2 < 2 < 6)
galaxies at 2<z<6
e Only 10% better

with g-g auto

Base +K/fake(6 <z< 10)

Base +kpe (2 < 2 < 6) With galaxy-

ooy, | galaxy auto
0.00 0.05 0.10 0.15 0.20 0.25 0.30

o(fyr)

No LSS auto spectra, all LSS cross spectra. Marginalize over bias p%;ameters and fake fnr. CMB lensing: opwam= 1", Nrr=1 pK’.



NO CIB
2< £.< 2000, fuy =0.5,n0 L; x I,

IiCMB‘i‘SDSS

DESI

No LSS auto spectra, all LSS cross spectra. Marginalize over bias parameters and fake fnr. CMB lensing: Orpwam = 1", Ntr=1 puK’.
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WITH CIB
2 < £ <2000, fyy =0.5,10 I; x I

CIB+ ey HSDSS

e Before LSST, CIB improves 6x-2x
e With LSST, CIB improves only 20%

e Residual dust contamination at

DESI

low [ is critical

No LSS auto spectra, all LSS cross spectra. Marginalize over bias paérlameters and fake fn.. CMB lensing: orpwnm= 1", Nrr=1 pK'.
CIB: 4 Planck frequencies, assume their best-fit model and 1% resic?ual dust.



PRIMORDIAL NON-GAUSSIANITY

LSS probes fni~1. Multi-field inflation would be ruled out if fnp>1!
Adding CMB lensing to LSS helps (10x improvement with LSST)

Can exclude galaxy-galaxy auto spectra. Then, unknown auto systematics

e do not bias expectation values (C;*?)

» only affect error bars as var(C;'?) = [(C/P)? + CCPP] /(20 + 1)

Alternatively, go to space and use galaxy-galaxy auto: SPHEREx
Adding more galaxies at 2 < z < 6 helps

Very sensitive to Imin, 1.€. need large area

Also sensitive to shot noise

CIB could also help, but worry about residual dust contamination at low /

25
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NEUTRINO MASS

Villaescusa-Navarro et al (2014)
LoVerde (2016)

Ignore main signal from shape of total matter power spectrum

Ab _ 1 Ptot,nov(kv Z) — Ptot,tot(ka Z)
b mﬁd Ptot,tot(kv Z)

Only use signal from scale-dependent bias

This adds to main signal from shape of total matter power spectrum

(independent information)

0.010 My =0.06eV

degenerate with

0.008 exact constant bias

—— approx

0.006

0.004 scale-dependent

bias
0.002

0.000 -

0T 107 107 10T 100 10T 10°
k[hMpc 1]
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NEUTRINO MASS FROM SCALE-DEPENDENT BIAS

2<0<?2

000, foy =0.5
L A

No Pmm(k)

shape info

KCMB +SDSS

Really

preliminary!

+DESI

Constraints can be
pretty good if using all
auto- and cross-spectra

+LSST); <25 (need g-g auto spectra)

— S
| | | | | | | | | | | ‘

0o 5 10 15 20 25
o(m, \[meV])

All LSS auto- and cross-spectra. Marginalize over bias parameters but not fake m,. CMB lensing: opwam= 1", Nrr=1 pK’.
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NEUTRINO MASS FROM SCALE-DEPENDENT BIAS

No Pmm(k)

Promising constraints from CMB lensing x LSS shape info

Need galaxy-galaxy auto

Sensitive to CMB-54 specifications: 2x worse CMB beam and noise

degrades ag(m,) from scale-dependent bias by ~30%

Depends on Imax (e.g. 1.5-2x worse for Imax=1000 instead of 2000)

Degeneracies with changes of total matter power spectrum can degrade

constraints somewhat (1.5x-2x)
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BIAS CONSTRAINTS / 3D DARK MATTER

Ue-Li Pen (2004)
With signal-dominated CMB lensing maps, can constrain bias

Error should go like 1/ Nmodes, S0 sub-% level achievable
Error even smaller with sampling variance cancellation (by 1/(1-72))

Once bias parameters all measured:

* Divide each sample by its bias to get dark matter density at each redshift

 Get 3D dark matter modes of the universe, including their amplitude!




CONCLUSIONS

CMB lensing x LSS is usetul for primordial non-Gaussianity, neutrino

mass, and measuring 3D dark matter modes
Relies on sampling variance cancellation to measure scale-dependent bias

Especially CMB lensing x LSST very promising for fnr

fnL forecasts promising even if galaxy-galaxy auto-spectra are excluded

(avoiding unknown systematics)

Neutrino mass constraints from scale-dependent bias need galaxy-galaxy

auto-spectra

All preliminary! Comments welcome :)
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FORECAST INGREDIENTS: FISHER ANALYSIS

Fisher analysis at the field level

W+1 — 90
2 00; (™)
14 abed=0

accd
bc 14 —1\da

Fisher analysis at the power spectrum level

od
Fii=) 5 9? cov(dy, dy)]
e 1

00;

00 01 oO,N—-1 11 12 1,N—-1 N—-1,N—-1 00 N—1,N—1
where d=(c® ¢ ... .opN "L op o L opNTh oy N o0 o),
1

COV(CA'gV, C«Z’V’) = 5g1g2 251 T 1

ANUU AVYV! L AUV AVUY
(Oel ¢, " +C " CY )

Agree if all power spectra and fields are included
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SCALE-DEPENDENT BIAS FROM NEUTRINOS

Fractional change of power spectra for m,=1eV

0010 My, =0.06eV

degenerate
with bias

0.008

0.006

0.004

FCCRIN L [ e T
k[hMpc™!]
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